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SUMMARY

The primary objective of this research program is to improve our
understanding of the physical processes occurring in the interaction of the solar
wind with Venus. This wiil be accomplished through the use of numerical solutions
of the two- and three-dimensional magnetohydrodynamic (MHD) equations and
through comparisons of the computed results with available observations. A large
portion of this effort involves the study of processes due to the presence of the
magnetic field and the effects of mass loading.

Data from the Pioneer Venus Orbiter (PVO), as well as data from Venera 9 and
10 and other sources, have contributed to a growing understanding of the interaction
of the solar wind with an unmagnetized body such as Venus. The general picture
derived from the available data is that, for typical solar wind conditions, an
electrically conducting ionosphere deflects the supersonic solar wind around the
planet. A bow shock forms upstream of the ionosphere and serves to slow, and also
assists in deflecting, the solar wind. The boundary separating the chocked and
magnetized solar wind plasma from the thermal ionosphere plasma is referred to as
the ionopause, and the region between the bow shock and the ionopause is referred
as the magnetosheath. The inner portion of the magnetosheath contains a region of
enhanced magnetic pressure referred to as the magnetic barrier. It is the physical
processes involved in these relatively large-scale interaction region as well as in the
downstream magnetic tail that this work has application to.

The general approach that we use is to treat the planet as a solid, ideally
conducting electrical sphere. Consequently, the plasma velocity and magnetic field
are required to be parallel to the surface of the planet. The equations are solved in
time and space in a spherical coordinate system centered on the planet. A particular
simulation is obtained by maintaining predetermined, fixed solar wind conditions on
the dayside of the outer boundary. For given initial conditions the computation is
continued in time until the interaction of the specified solar wind with the planet
has reached an equilibrium in time. The spatial distribution of the initial velocity
and magnetic field are taken from the potential solutions for incompressible flow
over a sphere.

1. Scope of the investigation

The four specific research topics that have been investigated in detail to date
include (1) the study of bow shocks at unusually large distances from the planet, (2)
the effect of the interplanetary magnetic field direction and strength on the
interaction, (3) the effect of mass loading on the interaction for the special
orientation of the interplanetary magnetic field perpendicular to the flow velocity,
and (4) the effect of mass loading for other orientations relative to the flow velocity
and for other values of the plasma beta. [Each of the four studies carried out are
described in more detail below. All of these results have been presented in
international or national meetings and published in journals.

2. Venus bow shocks at unusually large distances from Venus

Recent analysis of data from the Pioneer Venus Orbiter (PVO) has shown that






the bow shock often travels to unusually large distances from the planet when the
solar wind magnetosonic Mach number is near unity. We suggest that distant bow
shocks can be explained as an integral part of the response of the global solar
wind/Venus interaction to anomalous local solar wind conditions that existed during
the time of these observations. The lower than normal plasma beta and
magnetosonic Mach number are in a parameter regime for which the usual fast-
mode bow shock close to the planet may not provide the necessary compression and
deflection of the solar wind. The solar wind conditions in the vicinity of Venus
become such that the usual fast MHD shock near the planet is no longer a stable
solution. The fast MHD shock is replaced by a shock configuration containing an
intermediate MHD shock over at least a portion of the shock front, and the resulting
configuration propagates upstream.

The MHD equations without explicit dissipation are used in this study. The
equations are solved numerically using the modified Lax-Wendroff scheme with a
smoothing term. In our simulations the planet is replaced by a cylinder aligned
along the z-axis in a cylindrical coordinate system. The z-axis is taken to be in the
ecliptic plane perpendicular to the Sun-Venus plane, and the MHD equations are
solved in the r-0 plane. The cylindrical approximation should retain the essential
physics for this problem.

Using MHD simulations we show that, for these conditions, the usual fast shock
is replaced by a bow shock consisting of an intermediate shock near the Sun-Venus
line and a fast shock at large distances from the Sun-Venus line. This composite bow
shock propagates upstream away from the planet at a low speed and appears to be
approaching a new equilibrium stand-off location at a large distance from the
planet. These results are published in the article entitled “Venus bow shocks at
unusually large distances from the planet” in Geophysical Research Letter, Vol. 20,
755-758, 1993,

3. Three-dimensional MHD simulations of the interaction between Venus and the
solar wind

We have developed a three-dimensional, single-fluid, MHD code which has
successfully simulated the major qualitative features of the Venus-solar wind
interaction, We model the Venus obstacle as a hard, conducting sphere and the solar
wind as a single-fluid MHD plasma. We simulate the case in which the IMF is tilted
with respect to the incoming solar wind velocity at approximately the Parker spiral
angle; this is the first simulation of this particular case which includes all spatial
regions of the interaction. A realistic value of beta has also been used.

Our simulations show that a bow shock forms at a height above the ionosphere
close to the that deduced from Pioneer Venus Orbiter (PVO) observations. A magnetic
barrier beneath the bow shock is found. The bow shock shows an asymmetry in the
terminator plane qualitatively similar to results obtained from PVO data analyses.
The magnetic field drapes over the planet and forms a two-lobed magnetotail. The

magnetic field configuration near the planet is very similar to that recorded by PVO
as well.

Our simulations have also produced several interesting results which seem to
have not been studied before. In the asymmetric 45° simulation the peak in the

2






magnetic  field buildup is shifted from the subsolar point toward the quasi-
perpendicular region of the shock. In contrast, the peaks in thermal pressure and
density are shifted toward the quasi-parallel region. In the near-tail region our
perpendicular simulation has established the possibility of magnetic reconnection.

These results are published in the article entitled “Three-dimensional MHD
simulations of the interaction between Venus and the solar wind” in Journal of
Geophysical Research, vol. 100, 21645-21658, 1995.

4. 2-D Numerical simulations of mass loading in the solar wind interaction with
Venus

Numerical simulations are performed in the frame work of nonlinear two-
dimensional magnetohydrodynamics to investigate the influence of mass loading on
the solar wind interaction with Venus. A modified Lax-Wendroff scheme is used to
solve the equations in a spherical coordinate system. For these computations the
detailed chemistry of the ionosphere is neglected, and the planet is treated as a
conducting sphere.  Numerical computations have been performed to study the effect
of mass loading and the IMF strength on the magnetic barrier and the general
configuration of the magnetic tail. The IMF orientation included in this study is
parallel to the solar wind flow.

The principal physical features of the interaction of the solar wind with the
atmosphere of Venus are presented. The formation of the bow shock, the magnetic
barrier, and the magnetotail are some typical features of the interaction. The
deceleration of the solar wind due to the mass loading near Venus is an additional
feature. The effect of the mass loading is to push the shock farther outward from the
planet.  The influence of different values of the magnetic field strength on the
plasma evolution is considered.

The main results are the following: The mass loading increases the mass
density in the overall region, except the terminator and tail where the mass density
depletion occurs as a consequence of the nonlinearity action. The mass density
depletion is larger for a higher beta. As a consequence of this reduction, the plasma
flow, pressure, and temperature are reduced. This scenario depends, however, on the
value of the plasma beta. It was found that for beta = 0.1 both the plasma pressure
and the temperature are increased at the dayside by the mass loading.

These results were published in the article entitled “Numerical simulations of
mass loading in the solar wind interaction with Venus” in Journal of Geophysical
Research, Vol. 101, 2547-2560, 1996.

5. 3-D Numerical modeling of the solar wind interaction with Venus

The large scale (global) interaction of atmosphere of Venus with the
surrounding medium is numerically simulated in the framework of 3-dimensional
magnetohydrodynamics. This study extends the analysis described in Section 4 into
the case of the IMF perpendicular to the solar wind flow. The numerical simulations
have been carried on for a long time which allow us to believe that the simulation
approached a quasi-steady state.






The simulations are performed for the case of the interplanetary magnetic
field perpendicular to the solar wind flow. The model reproduces several features of
the interaction predicted by earlier theories and observations. The solar wind
interaction with Venus is characterized by the mass loading of the solar wind with
heavy oxygen ions which are produced by the photoionization of neutrals in the
extensive ionosphere. This mass loading slows down the solar wind and ultimately
leads to the formation of a magnetic barrier and a magnetotail. The location of the
bow shock is barely affected by different values of the magnetic field strength. The
numerical results indicate that the presence of mass loading causes the bow shock to
move outward from the planet but not so far as observed at Venus during the period
of maximum solar activity.

The perpendicular case, although similar in some aspects, differs in a general
behavior to the parallel case. In particular, it is found that the plasma dynamics is
hardly affected by the strength of the magnetic field which originated from the
solar wind. The location of the bow shock is virtually the same for different values
of the plasma beta. The IMF lines pile up against the atmospheric plasma and drape
over the planet to form a magnetotail with two lobes of opposite magnetic polarity
separated by a plasma sheet. The parallel magnetic field causes the plasma dynamics
to be highly sensitive to the value of the plasma beta.

These results were published in the article entitled “Numerical modeling of
the solar wind interaction with Venus” in Planetary Space Science, Vol. 44, 243-252.
1996.
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VENUS BOW SHOCKS AT UNUSUALLY LARGE DISTANCES FROM THE PLANET

R. S. Steinoifson and S. Cable

Depanment of Space Sciences. Southwest Research Institute, San Antonio, Texas

Abstract. Recent analysis of data from the Pioneer Venus
Orbiter (PVQO) has shown that the bow shock often travels to
unusually large distances from the planet when the solar wind
magnetosonic Mach number is near unity. We suggest that
distant bow shocks can be explained as an integral part of the
response of the global solar wind/Venus interaction to the
anomalous local solar wind conditions that existed during the
time of these observations. The lower than normal plasma
beta and magnetosonic Mach number are in a parameter
regime for which the usual fast-mode bow shock close to the
planet may not provide the necessary compression and
deflection of the solar wind. Using MHD simulations we
show that, for these conditions, the usual fast shock is
replaced by a bow shock consisting of an intermediate shock
near the Sun-Venus line and a fast shock at large distances
trom the Sun-Venus line. This composite bow shock propa-
gates upstream away from the planet at a low speed and
appears 10 be approaching a new equilibrium stand-off
location at a large distance from the planet.

Introduction

For typical solar wind conditions the Venus bow shock is

located within or near one radii (R,) of the planet surface
along the Sun-Venus line. However, for low magnetosonic
Mach numbers during two orbits of PVO the bow shock was
observed out to approximately 12 R, away fron the planet at
a 45° angle from the Sun-Venus line for one orbit and at 11
R, above the terminator for the other [Russeil and Zhang,
1992]. These low magnetosonic Mach numbers were due
primarily to an enhanced interplanetary magnetic field (about
a factor of 3 larger than more typical values) and also to a
reduced solar wind density (about a factor of 3 lower than
normal). Neither the solar wind speed nor the temperature
deviated appreciably from average values: hence. the sound
Mach number remained near a typical value. As a result, the
plasma beta was lower than normal and most likely became
less than or even much less than unity. The plasma beta can
be written in terms of the Alfvén Mach number M, and the
sound Mach number M, as B=2(M/M,)*y. The polytropic
index (ratio of specific heats) v is generally taken as 5/3. In
a low-beta environment (§ < 1) the fast-mode magnetosonic
Mach number becomes equal to the Alfvén Mach number for
paraliel propagating shocks.

Russell and Zhang (1992] estimated that the Alfvén and
magnetosonic Mach numbers were unity to within their
ability to measure them. For a temperature of 10° °K and a
solar wind speed of 500 km/sec (typical of conditions during
their observations), the sound Mach number becomes approxi-
mately 9.5. Consequently, the plasma beta is about 0.013. For
more usual solar wind conditions near Venus beta wouid have
a value near 1.5.

We suggest that a possible explanation for the above
erratic behavior of the bow shock is that the solar wind
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conditions in the vicinity of Venus become such that the
usual fast MHD shock near the planet is no longer a stable
solution. The fast MHD shock is replaced by a shock
configuration containing an intermediate MHD shock over at
least a portion of the shock front, and the resulting configura-
tion propagates upstream.

Formation of Intermediate Shocks in CMEs

We begin by noting the similarity between bow shocks
formed in the interaction of the solar wind with Venus and
shocks formed ahead of CMES in the solar corona (illustrated
for the formation of fast shocks in the schematic in Figure 1).
The analogy is most apparent when the north-south compo-
nent of the interplanetary magnetic field (IMF) is small as
assumed in the figure. The bow shock under normal condi-
tions is approximately stationary in the laboratory frame,
while the shock ahead of a CME propagates out through an
expanding plasma. The similar behavior for the two examples
of shock formation is most apparent in the rest frame of the
individual shocks. A spiral component for the IMF (perpen-
dicular to the figure) would not dramatically influence the
analogous behavior for the two situations. Clearly, the
essential physics should be similar for the two cases even for
small north-south or spiral components of the IMF.

For given values of the shock speed and upstream condi-
tions, the MHD shock-jump (Rankine-Hugoniot) equations
reduce to a cubic polynomial and formally allow three
physically realistic shock solutions with an entropy rise (slow,
intermediate and fast shocks). It was long believed that
intermediate shocks did not exist in nature and were nonevo-
lutionary or extraneous [e.g., Kantrowitz and Petschek, 1966].

Y
—F

Fig. 1. A schematic illustrating the similarity between (a) the
formation of a fast MHD bow shock in the interaction of the
solar wind with Venus and (b) the formation of a fast MHD
shock ahead of a CME propagating out through the solar
corona.
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Recent studies. however. lend support to the possibility that
they may not be extraneous [e.g., Wu.-1990]. Steinoifson and
Hundhausen [1990] show that intermediate shocks are
necessary 1o provide a smooth and continuous transition from
fast shocks to slow shocks with decreasing CME speec.

An imporant difference between the three types of MHD
shocks 1s the effect that the shock has on the component of
the magnetic field perpendicular to the shock normai. This
component maintains the same direction across both slow and
fast shocks. It increases in magnitude across a fast shock and
decreases in magnitude across a slow shock. That is. fast
shocks bend the magnetic field toward the shock plane. and
slow shocks bend the magnetic field away from the shock
plane. The perpendicular component of the magnetic field
reverses direction across an intermediate shock, and the field
magnitude may either increase or decrease.

In order for a particular type of shock to form. the shock
speed (or solar wind speed in the case of bow shocks) must
exceed the respective linear wave speed upstream of the
shock. The wave speeds depend on the angle © between the
shock normal and the upstream magnetic field. For the
relatively idealized configurations shown in Figure !. the
relevant wave speeds are close to the values for parallel
shock propagation. The slow speed reduces to the sound
speed at parallel propagation. and the fast speed becomes the
Alfvén speed. The intermediate speed also reduces to the
Alfvén speed at parallel propagation when B<1. Consequently,
for the physical conditions we are interested in, intermediate
shocks only form when the Alfvén Mach number is larger
than 1 (M,>1).

As shown by Steinolfson and Hundhausen (19901, there is
also a maximum Alfvén Mach number for which intermediate
shocks may form given by M?, ., = [¥(1-B)+11/(y-1), where
B is the value upstream of the shock. This expression was
derived by Kennel and Edmiston {1988] as the maximum
value for the formation of switch-on shocks. However, the
formation of switch-on shocks and the formation of interme-
diate shocks are intimately related [Steinolfson and Huend-
hausen. 1990]. As noted in the introduction, for small values
of B (=102-10") the sound Mach number may be large even
though the Alfvén Mach number is relatively small (near
unity). The maximum value of M, ,, occurs at f=0, in which
case it has a value of 2 for y=5/3. so the shock speed cannot
be too high. Intermediate shocks do not exist at ail for B>1.2.
The net result is that intermediate shocks form when the
CME shock Alfvén Mach number is in the range | < M, <
M, o By analogy, the solar wind Alfvén Mach number must
be in the above range for intermediate shocks to form along
a portion of the bow shock. This is exactly the parametric
regime of the solar wind parameters tor both f and M, when
the distant bow shocks were observed at Venus.

When intermediate shocks do form near the leading edge
of CMEs, the shock front has the configuration shown in the
schematic in Figure 2 [Steinoifson and Hundhausen. 1990].
The shock is assumed to be propagating vertically along the
vertical magnedc field in the figure. The central portion of
the shock front that is bowed downward away from the
direction of travel (between the two switch-on shocks)
contains the intermediate shocks. The shocks at the tlanks
beyond the switch-on shocks are rtast shocks. and a gas
dynamic shock exists at the point of parailel propagation at
the center of the shock tront.

MHD Simulation o! Distant Bow Shocks

The MHD equations without explicit dissipation arc used
:n this stuay. The equations are solved numerically using the

Fig. 2. A schematic illustrating the shape of a CME shock
front when an intermediate MHD shock forms along a portion
of the shock front. The lines with an arrow at the top indicate
magnetic field lines. and the parallel curved lines are the
shock front. The shock is travelling vertically along the
uniform and parallel magnetic field lines. Note that the
component of the magnetic field perpendicular to the shock
normal reverses direction across the intermediate shock
portion of the shock front located between the two switch-on
shocks at parallel propagation.

modified Lax-Wendrotf scheme given by Rubin and Burstein
[1967] with a smoothing term suggested by Lapidus [1967].
In our simulations the planet is replaced by a cylinder aligned
along the z-axis in a cylindrical coordinate system. The z-axis
is taken to be in the ecliptic plane perpendicular 10 the Sun-
Venus line. and the MHD equations are solved in the r.®
plane. This cylindrical approximation should retain the
essential physics for this problem. although more realistic
simulations would. of course, use a three-dimensional
geometry.

The simulation is carried out for a cross-section of a
cylindrical annulus lying between an inner radial boundary at
the surface of the planet R, and an outer radial boundary
taken to be at 15 R,. The 6 axis is selected so that 8=0° is
directed toward the Sun along the Sun-Venus line. The solar
wind velocity and IMF are chosen such that the physical
quantities are either symmetric (for p, p, u, B,) or anti-
symmetric (for u,, Bg) about the 0=0° and the 8=180° axes so
the computation must be computed only for the numerical
box given by R, <r < 15 R, and 0° < © < 180°. The angular
grid spacing is 1.5° and the radial spacing is 0.15 R, giving
a grid of 122 by 95. The plasma velocity and magnetic field
are required to be parailel to the surtace ot the pianet. and
zero-order radial extrapolation 1s used to determine the
thermodynamic quantities on the planet surface. The physics
and chemistry of the ionosphere should not be significant tor
the present study and are not included. Solar wind conditions
are maintained on the dayside of the outer radial boundary,
and zero-order extrapolation along the local flow direction is
used to update values on the nightside.

The simulation is initiated without the magnetic field with
the solar wind thermodynamic conditions specified throughout
the numerical box and the solar wind velocity specified
cverywhere beyond r=2R,. When this gas dynamic computa-
tion reaches a dynamic equilibrinm. the initial magnetic ficld.
as given by the potential tlow solution for flow over a
cylinder. is specified at every grid point. The time-dependent
computation is then restarted and follows the solution as far
in time as desired.

The results of two separate simulations are shown below.
For the first one the solar wind conditions are such that f is
near the typical value of 1.5 and is theretore too large tor
intermediate shocks to form. The magnitude of the IMF is
increased for the second computation so that § is in the range
tfor which intermediate shocks may form. All physical values
<xcept the IMF magnitude are the same for the two simuia-
:ons. The solar wind speed 1s large enough that M, is in the
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appropriate range for intermediate shock formation at the
lower vajue of B. The values that are the same for the two
studies are V=550 km/sec. n=35 cm”’, T,=10° °K. and
M=10.6. The values tor the high B study are B =4.8 nT,
M,=11.7, B=1.5, and those for the low § study are B,=50 nT,
M,=1.1, B=0.014.

The density contours for the low-beta casc when an
intermediate shock is not formed are given in Figure 3. The
solution has been run long enough that the shock. which is
now a fast shock, has come to an equilibrium position ahead
of the planet. At large distances from the planet the shock
becomes very weak.

The solution in Figure 3 is in sharp contrast to that for the
lower value of beta shown in Figure 4. This solution is not in
dynamic equilibrium (see below) and has evolved for a total
of 122 Alfvén times since the magnetic field was introduced
into the solution. The Alfvén time is determined from the
Alfvén speed computed using the above parametric values
and the Venus radius. The bow shock has now taken on an
almost planar shape with a depression near the Sun-Venus
line that is concave away from the planet. This shape for the
shock front is characteristic of one containing an intermediate
shock in the concave portion as shown in the schematic in
Figure 2.

The density rise at the leading edge of the disturbance near
the Sun-Venus line in Figure 4 divides away trom the Sun-
Venus line into one density increase due to the bow shock

Fig. 3. Density contours for the high beta simulation dis-
cussed in the text. The density is normalized to the constant

initial value. and the contours are tfrom 0.3 to 3.3 in incre-
ments of (.3.

Fig. 4. Density contours tor the low beta simulation discussed
in the lext (see the caption tor Figure 3). The density con-
tours are from (.5 to 3.9 in increments of 0.2. The dashed
box on the density contours locates the boundary used for the
plot of magnetic field lines in Figure 3. The smail flat portion
of the density contours near the Sun-Venus line is indicative
of the finite gnd spacing.
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uand a second that extends downstream. The second rise is just
a remnant of the onginal increase due to the fast shock as in
Figure 3. The density distribution behind the planet aiso
changes dramatically as the solution changes from that in
Figure 3 with the usuai fast shock solution to that in Figure
4 with an upstream propagating shock. The larger density
downstream of the planet in Figure 4 is due to material that
remains there as the downstream velocity decreases when the
shock begins propagating upstream.

The magnetic field lines within the dashed box marked on
Figure 4 are shown in Figure 5. The plot routine used to
make this plot simply fits curves through local values of the
magnetic field and arbitrarily begins and ends the curves so
these curves should not be interpreted as being actual
continuous tield lines. The approximate location of the shock
front, as determined by the density rise in Figure 4, is
sketched on the field lines. Along the dashed portion of the
shock front the shock clearly has the effect on the magnetic
tield lines expected for an intermediate shock (the component
paraliel to the shock front reverses direction). The shock is a
fast shock along the solid part of the indicated shock front,
and a switch-on shock separates the intermediate and fast
shocks at the approximate location of the solid dot.

As mentioned above, the solution in Figure 4 is not in
dynamic equilibrium. The shock front is traveiling upstream
and is slowly decelerating. For the 24 Alfvén times betore the
time used for Figure 4, the shock was propagating at an
average speed of 20 km/sec, and for 73 Alfvén times prior to
that it was propagating at an average speed of 25 km/sec. It
is not clear why the shock travels upstream. although it is
probably related to the fact that the intermediate shock may
not be as capable of reducing the solar wind momentum as a
fast shock. and consequently the stand-off distances increases.
The numerical box has not been made large enough to allow
the shock to reach an equilibrium position, if it indeed
eventually will. Such issues are naturally important to fully
understand the physics of these solutions, although their study
would have more relevance for the case of flow over a sphere
than that over a cylinder.

At large distances from the Sun-Venus line in Figure 4,
the shock becomes a fast shock and is much weaker than it
is closer to the Sun-Venus line where it is an intermediate
shock. Such a weak shock at large distances is in general
agreement with the weak shock observations reported in
Russell and Zhang {1992]. The fast shock primarily deflects
the magnetic field and velocity, while the intermediate shock
compresses and slows the solar wind.

—

Fig. 5. Representative magnetic field lines within the dashed
box on Figure 4. The curve indicates the approximate location
of the shock as determined by the leading edge of the density
increase.
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Discussion

Studies of the formation of MHD shocks near the leading
edge of CMEs have indicated that the type ot shock formed
depends on the plasma beta upstream of the shock ard the
magnetosonic Mach number of the shock relative to the
upstream flow speed [e.g., Steinolfson and Hundhausen. 1990:;
Steinoltson. 1992]. By analogy, any dependencies on the
parametric values found for shocks in CMEs should also exist
in the case of bow shocks.

The CME studies suggest that the parametric values (beta
and magnetosonic Mach number) during the distant Venus
bow shock encounters reported by Russell and Zhang {1992]
may be such that the more usual fast MHD bow shock near
the planet is not a possible solution. Instead, we hypothesize
(subject to two caveats discussed below) that the fast shock
should be replaced by a shock front containing an intermedi-
ate shock near the Sun-Venus line and a fast shock at large
distances from the Sun-Venus line with a switch-on shock
separating the intermediate and fast shocks. Furthermore. the
shock front should be concave away from the planet over the
portion of the front containing the intermediate shock.

Having hypothesized that such a change in the shock types
and configuration may occur when the solar wind conditions
are similar to those during the observed distant bow shocks.,
we performed global MHD simulations to investigate this
conjecture. As expected, the shock front consisted of the
multiple shock types (switch-on, intermediate and fast) with
the anticipated concave shape. The composite shock front
propagated slowly upstream, and it is because of this move-
ment of the shock front that the distant bow shock observa-
tons can be explained. From the simulations performed to
date, it is not clear if the shock is simply moving o a new
(large) stand-off distance. The shock appears to be decelerat-
ing as it travels upstream, and the numerical box may not
have been large enough to allow the shock to reach a
dynamic equilibrium position. In this parameter regime it is
evident that the bow shock location is extremely sensitive to
relatively small changes in the solar wind conditions. Addi-
tional simulations are needed to examine this sensitivity as
well as to better understand the physics governing the
upstream propagation and whether an equilibrium stand-off
distance is always obtained.

Although the distant shock behavior reported by Russell
and Zhang {1992] and that in the present simulations are
qualitatively similar, there are at least two distinctions that
deserve comment. First, our simulations are two-dimensional
while the solar wind interaction with a planet is clearly, in the
global sense. a three-dimensionat phenomenon. However, the
essential physics responsible for the transition from the usual
tast shock solution to one with intermediate shocks near the
point of parallel propagation is not three-dimensional. [t is
certainly true that the global ramifications of this shock
transition would differ in a three-dimensional simulation from
that computed in a two-dimensional such as that used here.

The imporant point. though, is that the necessary physics 1s
included in our simulation.

Second, at least two of the shocks reported by Russeil and
Zhang were quasi-perpendicular with angies between the
shock normal and upstream magnetic field of 61° and 79°
(based on the coplanarity assumption), while the upstream
propagating bow shock in the simulations is quasi-parallel. As
described in the paper, local quasi-parallel propagation is
required to make the transition to the traveling shock front
containing an intermediate shock. Even in the more realistic
case with an azimuthal component of the magnetic field, there
would still be some iocation on the shock envelope where the
bow shock is quasi-parallel and all of the logic and resuits of
the present study would apply. The angle between the shock
normal and the upstream magnetic field at any location
naturally depends on local conditions. It is certainly conceiv-
able that the necessary quasi-parallel propagation exists at one
location and that the shocks could still be quasi-perpendicular
at the locations reported on by Russell and Zhang. The
present work must be viewed as basically a feasibility study,
and more extensive simulations including the third dimension
are needed to examine the generality and applicability of our
results in more realistic global environments.
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Three-dimensional MHD simulations of the interaction
between Venus and the solar wind
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Department of Physics. Science University of Tokyo
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Abstract. We have developed a three-dimensional, single-fluid, MHD code which has
successfully simulated the major qualitative features of the Venus - solar wind interac-
tion. A bow shock forms at a height above the ionosphere close to that deduced from
Pioneer Venus Orbiter (PVO) observations. The bow shock shows an asymmetry in
the terminator plane qualitatively similar to results obtained from PVO data analyses.
The magnetic field drapes over the planet and forms a two-lobed magnetotail. The
magnetic field configuration near the planet is very similar to that recorded by PVO as
well. We model the Venus obstacle as a hard, conducting sphere. We simulate the case
in which the IMF is tilted with respect to the incoming solar wind velocity at approxi-
mately the Parker spirai angle; this is the first simulation of this particular case which

includes all spatial regions of the interaction.

1. Introduction

The observed features of Venus's interaction with the
solar wind have not vet been treated together in a singie
comprehensive model. )lost models of the interaction
have treated it as a gasdvnamics process and have sim-
plified the structure of the plasma flow in the tail re-
gion by attaching an infinite “extension” to the Venus
obstacle [Spreiter and Stahara. 1980: Moore ot al. .
1991]. These approaches are a necessary first step in
understanding the interaction. However. sasdvnamics
models have severe iimitations. Tliey wiil never repro-
duce observed phenomena such as rhe magnetic barrier
behind the bow shock [Zhang «t al.. 1991] or magnet-
ically produced asymmetries in the terminator plane
shock configuration [e.g. Russell «t al.. 1988). Also.
effectivelv extending the nightside of the \enus obsta-
cle makes impossible the study of the near-tail region.
where we can expect the solar wind flow ro be most com-
plex and where magnetic reconnection is most likelv to
take place.

A model which offers improved understanding of the
rail region of Venus (as weil as other nonmagnetized
bodies impacted by rhe solar windj lias been devel-
oped bv Luhmamn and Schwingenschuh {Luhmann und
Schunngenschuh., 1090: Luhmann, 1090: Luhmann ¢
al.. 1091). Here rhe flow ontside the tail region is cai-
culated from a gasdvnamics model like rhose referred
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to above. while the flow inside the tail is calculated
by fitting a model of a comet tail inside the obstacle.
This model inciudes effects of mass loading from the
Venus ionosphere. It gives good agreement with Pho-
bns measurements of the magnetic field around Mars
[Luhmann et al.. 1991] at distances outside the solar
wind bow shock. However. the above mentioned effects
of the magnetic field on the interaction still cannot be
studied. Also. a single comprehensive model for the
entire interaction is still desirable.

The first three-dimensional MHD simulation of the
interaction is that of Wu {1992]. Wu simulared the bow
~-hock of a hard. conducting sphere in an MHD Huid. A
magnetic barrier was seen to form. and slight asvmme-
rries in the bow shock caused by the interplanetarv mag-
uetic field (IMF) were detected. However. the plasma .3
{1.e.. ratio of the thermal pressure to magnertic pressure)
in this simulation was unrealistically high (.3 = 8). the
rail region was not simulated. and no account was raken
of mass loading.

The first rhree-dimensional MHD simulation of the
Venus-solar wind interaction which treated all spatial
regions of the interaction in a single model was Iinaka's
1993] recent simulation. Like Wu [1992]. Tunaka treats
a hard. conducting sphere in an MHD fluid. A magnetic
barrier is formed. the magnetic field clearly drapes over
rhe pianet. and complex flow in the near-ratl region is
abserved.

In this paper we report the results of simujations we
have made with a three-dimensional MHD coae. Like
Wul1992] and Tunaka [1993]. we model the Venus iono-
sphere as a hard. conducting sphere and the soiar wind
as a singie-fluid MHD plasma. Some unportant nhvsics
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of the problem is negiected in this approximation. \Ve
will not see effects from mass loading in the tail {Brace
¢t al.. 1987]. and the configurations of the shock and
magnetic barrier can be reproduced with only limited
accuracy without the ionosphere. However. this hard
sphere model is an improvement over extending the tail
of the obstacle. since it allows study of the near-tail re-
gion. In the future this approach can be supplemented
with mass loading to give a better approximation of the
lonosphere,

Our computational method differs greatly from
Tanaka's {1993]. He evoived the MHD equations on
an unstructured mesh. while we use irreguiar spherical
coordinates. Qur time-stepping schemes are quite dif-
ferent as well. This. in and of itself. gives our code and
simulations value: it is desirable to have more than one
numerical realization of the same physical phenomenon.
since numerical studies are often fraught with hazard
and doubt. Further. we have improved the resolution
near the surface of the planet at the price of restricting
the size of our computational volume. This restriction
in volume does not significantiv affect the results we ob-
rain. as will be discussed helow: rhe onjv real sacrifice
we have made here is that we are unable to study the far
ownstream region. Ve aiso simulate the Venus-solar
wind interaction in the case where the IMF is tilted at
an angle of 45° with respect to rhe incoming solar wind
velocity. This case was studied by Wy (1992]. but. as
stated above. the value of J was unrealistically high and
no attempt was made to include the tail region. This is
the first time that all spatial regions of this asvmmetric
case have been simulated and that a realistic value of .J
has been used.

2. Numerical Method
2.1. Algorithm

Our simulation code <ojves rhe three-dimensional.
nonlinear. ideal MHD equarions:

()p
— + YV {pvy=1 (1
ot V) 1)
dpv)
+ V- (pvv v
e (pvv)+¥p
L 1 ,
- —[V.-iBB)- TR = i)
4 2 :
JB
— -V x{vxB)=u 3
ot ‘ )
LRI
a2 | ST
1
Vs DIV
! ‘B B}
- — PR = 1), 4
e v x BY] )
where p is the mass densiry. ¢ > rhe thermai pressure.
vis rhe Huid velociev, and B ie 1100 magneric deld.
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‘We use rne modified Lax-Wendroff scheme deveioped
b¥ Rubin and Burstein [1967] to time step these equa-
tions. A fourth-order smoother and a smoothing term
suggested bv Lapidus {1967] are added to inhibit numer-
ical instabilities.

We evolve the equations in spherical coordinates with
rhe § = 0 axis directed toward the Sun. Spherical coor-
dinates allow us to pack grid points more denselv nea:
the planet’s surface. where the most dramatic chang.
in the Auid flow occur. Near the planet’s surface. ti;.
grid spacing is about 0.017 R,. The grid spacing in.
creases smoothly so that about 30 grid points lie be-
fween the planet’s surface at 1 Ry and a radius of 1.5
Ryv. The ¢#=0 axis (the Cartesian = axis) points from
the center of Venus toward the Sun. The y axis (i.e..
# =m/2. 0==/2) lies in the direction of Vo xBay, v
and B, being the incoming. unperturbed solar wind
velocity and magnetic field. respectively. The r axis
{# = 7/2.0 = 0) completes the right-handed coordinate
svstem. {An alternative way of stating this is that the r
axis is aligned so that V< and B are both contained
in the r-: plane. and the y axis completes the right-
handed coordinate svstem.| This coordinate syrem wi
by far the most straightforward to code and Is certainiv
rhie system of choice for giving a clear explanation of our
algorithms. Unfortunately. it is not the coordinate svs-
tem in which most observations of the Venus-solar wind
interaction have heen expressed in the literature. The
results of our computations will be presented therefore
in different coordinates. as will be discussed below.

The momentum conservation (2) requires some extra
attention. The term

1

—V . (BB)
4

can be writren
%«"B-TB +BY . Bl

BY . B is identicailv zero in nature. lu numericai sun-
nlations sucii as ours. however. T - B can become large
enough to produce sizable. nonphysical forces directed
along the magnetic field lines.

We have handled this difficulty by periodically sub-
tracting the part of the magnetic fieid which contributes
to V- B. This is accomplished as follows: the magnetic
field can be rhought of as composed of two pieces.

B=BP+B4

where Vx B=V xB,and V- B=V. B,. Tle tield
B. is theretore rive eradient of a porential &.

T‘é=7T.B,=V-B.

We solve rhis equation for ®. then find B, by subtrace-
mg Vo from B:
B—+B.=B-Y5.

The potential & is obrained by a stccessive wer-
refaxation >R 1 nerhod rhar we develoned by adapr-
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ing the SOR metnod of Press ¢r al. [1992) to spuericai
coordinates wirh irreguiar grid spacing.

The vaiues of all quantities at the inflow boundarv
(¢ < 90°) are set by input and held fixed throughout
the time of the simulation. Quantities on the cuttow
boundary ¢ > 90°) are determined by first-order inter-
polation from the interior in such a way that 9/9: = 1)
for all quantities  : representing the Cartesian axis iving
along the 8 = 0 line). The outer radius of the simulation
box is 3 Ru-.

The plane containing the incoming velocity and mag-
netic field vectors is a plane of reflective symmetry. so
we need simulate no more than one hemisphere of the
entire sphericai volume of the system. Reflective bound-
ary conditions hold therefore at o = 0 and 0 = =.
When we are simulating flow exactly perpendicular to
the IMF. we need simulate only a quarter sphere. In
this case. o = 1) is still a reflective plane. At 0 = =/2.
symmetry boundary conditions hold for the scalar quan-
tities. the velocities. and B,. while antisymmetry con-
ditions hold for Bs and B,.

The Venus obstacle is modeled as a hard. conducting
-phere sirting ar rhe radial center of the simulation box.
At the Venus surtace. r = 1 Ry and radial velocities ana
magnetic fields are set equal to zero. while all other
quantities are determined by zero-order extrapolation
in the radial direction.

Our numerical method. along with most numerical
methods. will not work unaided at the coordinates § = 0
or § = 7. since these coordinartes are singular. We have
found a satisfactorv means of dealing with this diffculty.
Even though this problem wiil present itself in almost
any effort to model fluid or MHD physics in spherical
coordinates. it is not extensively discussed in the lit-
erature. \We will therefore discuss in some detail our
handling of rhe singular coordinates. We will discuss
rhe § = () coordinate here: the analogy with 6 = = ran
he drawn readilv.

Let ¢, ;. und k label nodes in the r. 4. and o directions.
respecriveiv. The ) = 1 coordinate line corresponds ro
# =1{). For a uiven node on the j = { axis. (i.1.k&). the
values ot p.p. .. and B, are set equal to the averages
of these quantiries across the surrouding nodes (/. 2. k)

That is.

iy . diay
, 1 A -1 » .
kg e Lo 1 2. 5)
Cro ke KA =2 Z Ueo 1 od
B.... =\ B,

[ARR I O

The & = 1 und & = I grid points are left out of rhe
average. since rhev are boundarv points and lie our-
side of rhe proper region of computation. That is ro
say. we wisit to average over one hemisphere (or quar-
rer sphere. in the case of perpendicutar Howi. Tlhe co-
ordinares ¢ and o, _; lie just inside the hemisphere
sor quarter spherer. while the coordinates o, and oy
lie just ourside. To include these ourside points in the
average wonid oive added and uneven weightine ro rhe
Ualues ar rhe o oundaries.
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n the axis the magnetic field and velocityv lie en-
rirely in the r-: plane which. as discussed above. is a
symmetry plane. Therefore. on the § = () axis. there
are no components B, or v,; B = B,%x + B.% and
v = 1;X+ v.2. We have already indicated how v. and
B, are calculated. since z =t on the § = 0 axis. The
X components of these vectors 4, are calculated from
the corresponding vectors of the j = 2 grid points:

) 1 -1 ) R
Arian = ] Awioute X+ 4,0 000%
(=2
1 A1
= T3 ?Z Agigcostrcoso; — 4,4 sino;.
=2

Now 44 and A, are quite naturaily defined on the
axis as

Agi1 k= Arcosoy

(6)

Asilx = -4, sino,.

(7)

A factor of cosi¢ = ) is impiicit in the above formu-

las. So. on the # = 7 axis.
Agirn = —A; cosoy (8)
Aoigx = 4, sin o. (9)

since cos{m) = —1. With the components of B and v
defined in this manner. B and v art any location along
rhe axis are unique vectors whose components take on
different values depending on the direction from which
the axis is approached.

2.2. Initial Conditions

The density and pressure are initiallv constant
rhroughout the simulation voiume. The initial velocity
Held is the flow of an incompressible fluid over a sphere.
directed along the # = 0 axis:

3
Up == =g |1 — (_R_v) cos

-
3
1 .
1+ - (&—> sin ¢
2 r

The magnetic field is initialized in the same way. except
rhat the field configuration is rotated about the y axis
-as defined abover so that the incoming IMF is skewed
with respect to the solar wind flow by rhe desired an-
vle. With the magnetic tield initialized in this manner.
V- B is zero everyvwhere. discounting the effects of the
iscrete grid. The parameters we have chosen for the
solar wind are summarized in Table 1. These parame-
rers are all close ro the typical solar wind parameters
reported by Phillips ot al. [1086]. The average solar
wind cone aneie (e the acure angie berween rhe INF

g = g

Uy =10,
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Table 1. Simuiation Solar Wind Parameters
’aramerer L alue

Number density 20/cm ™
Thermal pressure 6.06 x 107 2uPa
Sound speed 53 km/s
Velocity 370 km/
Sonic mach number 6.7
Dynamic pressure 4.10 nPa
Magnetic field magnitude 10 nT
Plasma beta (.3) 1.3

and the solar wind fow direction) is given as 42.2° hv
Phillips er al.We pertorm simulations wirh cone angles
of 0°. 45°, and 90°.

3. Results

In this section we report some of the resuits from our
simulations and compare them wirh published analvses
of Pioneer Venus Orbiter (PVO) data. \We give partic-
nlar arrention to the configuration of rhe overall shock
~rructure and to rhe contiguration of rhe maenetic field.
First. rhougn. a few words need ro be said regarding
aomenciature. We have simuiated bow shocks arising
i IMF cone angles of 0°. 43°. and 90°. These simula-
rions will be referred to as the parallel. 45°. and perpen-
licular simulations. respectively. Also. in rhe following
sections. “altitude” refers exclusively ro distance mea-
sured from the planet’s surface. while “radius” denotes
distance measured from the center of rhe planet. Fi-
naily. up to rhis point we have used standard Carte-
sian and polar coordinates ro denote spatial directions.
From hereon. Liowever. in order to facilitate compar-
isons with existing data and data analvses. we will use
rhe B-v coordinate svstem of McComas «t al. [1986):
rhe unperturbed solar wind fHows in the —% direction
tcorresponding to the —2 direction in our code). while
rhe cross-tlow component of rhe unpertirbed magnetic
zeld lies m rhe ¥ direction (onr code's —7 direction.
“hie Z direcrion ronr code’s —v direcrion complietes the
ngie-handed coordinate svsrem,

3.1. Diagnostics

\We simulated parailel fast shocks with the rhree-
‘limensionai 1 3-D) code. then compared rlhe resuits with
-imulations  from a well-tested.  otten  sed  two-
‘limensional (2-D) spherical seomertrv code (that is. a
rode written for spherical geometry and cvlindricai SVI-
metry) wirh idenrical intial condirions and spaunal erid-
ding. The resuits were virtually idenricai. as rhev muse
beif the 3-D code is working as well as riie 2-D code.

The shoek jump conditions adong rie sragnartion
~rreamiine can be calculated analvrically for rhe parai-
-l and perpendicular shocks. \We tind rhar almost ail
imp conditions are satisfied in both stimlarions wirh a
selative error of less than 10/, The uncertany in rlie
unp conditions arises rom nncerrainty in e ermining
“he exact location ot the shock wnd from uncertainy
1 rthe appiicability of the standard hock mmn condi-

NS Unr simared shoceks have nnire wooris or abor
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.05 Ry ana smooth. albeit rather snaden. rransitions
Detween the upstream and downstream sides. As a re-
sult. the vaiues or the physical quantities immediately
downstreamn of the shock are often difficult 1o deter-
mine exactlv. The standard shock jump conditions. on
the other hand. are derived for shock fronts separating
two fluid regions which are in equilibrivm. i.e.. two re.
gions in which d/dt is zero for all quantitites. In tly.
svstem we are simulating. d/dt is zero only in the i1
flow region. Significant pressure and magnetic force:
~xist behind the shock. So even though we have tempo-
ral equilibrium (that is. §/0t is zero for all quantities .
{/dt is certainly not zero in between the shock front
and the planet’s surface.

As mentioned above. a finite divergence in the mag-
netic field gives rise to unphysical forces directed along
the magnetic field lines. Only if the magnitude of the
physical force. |~ Vp+ B VB/4r — ¥ B%/8x|. is much
larger than the magnitude of the purelv numerical force.
IBV - B/4r|. can we believe rhe resuits of our simula-
rions. We have inspected the ratio of these rwo forces
‘n both the perpendicular and 45° simuiations. \We find
-hat almost evervivhere in the simuiation voiume ri: -
aumericai force 1s less than 127 of the phvsical force.
The exceptions to this rule occur in isolated volumes
within the numerical shock front and result from the
way our numerical procedure handles discontinuities.

We have examined how rhe location of the compura-
rional outer houndarv affects the simulation resuits bv
performing simulations of the parailel shock with the
outer boundary set at 3 and at 10 Ry.. .\ comparison
of pressure contours in the region extending from the
surface out to 3 Ry is shown in Figure 1. Figure 1. top.
<hows the pressure distribution with the outer computa-
rional radius set at 3 Rv-. and Figure i. bottom. shows
rhe distribution when the outer compurtational radius is
ar 10 Ry Differences are apparent but small. Likewise.
il other qnantires show onlv smail differences which
we i no wav gualitarive, On rthe basis of rhis study.
we have cliosen to place riie ourer radial honndary tor
all the presenr simulations at 3 Ry i order to oirain
better numerical resoiution near the planer’s surface.

3.2. Global Behavior

Figure 2 shows field lines from the tinal configuration
of the 453° simuiation. The line rraces were bezun ar
points on the onrer computational boundarv. 0.1 [y
above rthe eciiptic plane. The field lines pile up ar rhe
~hock front. then siip over rhe planet. Within the shock
rhey are advecred downstream less quickly rhan ourside
rhie shock. Bv rhie time thev have escaped the vicinry or
rhe planet’s <nrface on the downsrreamn side. thev are
stretched and benr so that rhev form a rwo-lobed mage-
netotail behind rhe pianer. The maeneric Held points
targely snnward in one lobe (the top iobe ot Figure 2. iy
rhis case) and larzeiv antisnnward in the orher. The rwo
lubes are separared bv a distinct current sheer [McCo-
mas et al.. 19861 This behavior qualitativelv matches
“he behavior predicred by Alfrén 11957) :ind observed by

eComas oo 1086E 2Tore that in rhe bow snock the
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Figure 1. Pressure contours of the solar wind impacting Venus when incoming flow and inter-
planetary magnetic field (IMF) are aligned along the sunward axis. The top half shows the resuits
of a simulation performed with the outer computational boundary set to 3 Ry : the bortom half
shows rhe results of a simulation with the outer computational boundary at 10 Ry-.

Figure 2. Magneric field lines of the solar wind plasma
impacting \'enus. The solar wind flows in trom the left
and our rhe right. The incoming magnetic field is rilted
at an angle of 43” with respect to the incoming velocity.
Note that the strerched magneric field lines form a rwo-
lobed magnerorail behind the planer.

masgnetic field line pileup is greatest where riie tield is
more closelv perpendicular to the siiock normai. This
is expected. since. all other things being equal. as a
shock becomes more perpendicular. the increase in the
magnitude of the magnetic field becomes larger. The
perpendicular simuiation shows all of the above global
characteristics. but. of course. it is svmmetric with re-
spect to the r-z plane (i.e.. the z-: plane of the B-
i* coordinate system). !A note of caution: magnetic
fleld magnitudes cannot be reliably inferred from the
field line densities in Figure 2. First. perspective effects
make some lines look closer rhan thev actuallv are. Sec-
ond. the starting points of the lines. particularlv in the
rail region. were not chosen to syvstematically indicate
magnetic field magnitude but to clearly show rhe global
behavior of the field lines.)

[t can be seen in Figure 2 that the field lines of the
nnperturbed magneric field are not perfectlv srraight.
This is because of the intial conditions discussed in the
<ection 3.1. The initial upstream field couid not be
~hosen to be pertectly nniform because we needed to
-ausfv ¥ - B = 1 in rhe presence of the conducting
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Figure 3. The solar zenith angle (SZA) as a function of time of several fluid elements moving

across the surface of the planet.

In the simulation that produced these results the IMF was

perpendicular to the incoming velocity. Each of the five elements was given an initial SZA of
about 5° and initial polar angle positions of 0°. 18°. 36°. 54°. and 90° measured from the ecliptic
plane. Magnetic slingshot forces manifest themselves. in that fluid elements moving in the noon-
midnight plane (o = 90°) are accelerated more quickly than fluid elements moving in the ecliptic

plane (¢ = 0).

planet’s surface. Therefore the initial magnetic fields
are not exactly parallel to each other. Since the inflow
boundary conditions are held fixed throughout the run
of the simulation. the incoming upstream magnetic field
are slightly curved. Setting the outer computational
boundary farther out would ameliorate this effect. The
slight departure from uniformity in the upstream mag-
netic field seems to have no significant effect on the
plasma flow.

Magnetic field slingshot forces manifest themselves in
the velocity distribution of the plasma near the planet’s
surface. Figure 3 shows. as a function of time. the solar
zenith angle of fluid elements in the perpendicular simu-
lation moving across the surface of the planet. Here the
initial positions of the fluid elements were chosen just
above the planet’s surface. near the subsolar point. The
plasma moving across the pole (o = 90°) is accelerated
more quickly and reaches the far side of the planet faster
rhan the plasma moving in the ecliptic plane. This hap-
pens because the perpendicular field lines become “hung
up” in the bow shock. then slip quickly over the pole.
dragging solar wind plasma with them.

3.3. Shock Configuration

We find that the standoff distance ar the subsolar
pont varies with the cone angie. Lut we do not see a

monotonic trend. If we locate the shocks by the outer
edges of each shock layer, the standoff distance of the
parallel shock is 0.28 Ry-. the standoff distance of the
45° shock is 0.22 R:-. and the standoff distance of the
perpendicular shock is 0.26 Ryv-. In absolute terms these
numbers transiate into 1700. 1340. and 1580 km. re-
spectively. The 45° simulation is the one most repre-
sentative of the typical solar wind conditions at Venus
[Phillips et al.. 1986]. Zhang et al. (1990} find from
PVO data that the subsolar standoff distance varies
from 1600 km at solar minimum to 2200 km at solar
maximum. The difference between our computed re-
sults and the observations can be explained by the lack
of a model of Venus's ionosphere in our simulations. If
we try to account for the ionosphere by simply adding
300 km to rhe effective radius of Venus (approximately
the altitude found by Zhang et al. [1990]). we can ex-
pect the computational standoff distances to scale pro-
portionately. since the Venus radius is the only inherent
scale length in the system. Ve then find standoff dis-
tances above the ionosphere of 1780. 1400. and 1650 k..
To find the altitudes of the shocks above the planet it-
self. we add in the 300 km thickness of the ionosphere.
This gives altitudes of 2080. 1700. and 1950 km. These
numbers are now well within the range found by Zhang
et al.Including the ionosphere. then. is essential for de-
rermining the bow shock location.

e
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Figures 4-8 show distributions of pressure and mae-
netic field magnitude from the parailel. 45” . and per-
pendicular simulations. The outer computational bound-
ary was 3 Ry, but here we show only the region con-
tained within 1.5 Rv in order to bring out more deuails.

The pressure and magnetic field magnitude distribu-
tions of the parallel case are shown in Figure 4. 5ince
the parallel configuration is cylindricaily symmetric. the
distributions shown here represent the distributions in
ail polar angle planes. The decrease in the magnetic
field strength downstream of the shock. around the
subsolar line. is the result of MHD physics tozether
with the boundary ronditions imposed on the mag-
netic field. That is. a parallel shock has no increase
in magnetic field. so the field strength remains fairly
constant through the shock. Also. the field decreases
near the planet’s surface because the planet is conduct-
ing: there can be no radial magnetic field component
at the planet’s surface. but near the subsolar line. the
magnetic field is almost purelv radial. Therefore the
magnetic field strength drops to zero in this region.

The distributions shown for the 45° (Figures 5 and
71 and perpendicular (Figures 7 ana 8) cases represent
only the ecliptic and noon-midnight planes. The mag-
netic field strength rises monotonically to a peak at the
planet’s surface. while the pressure reaches a maximum
just downstream of the shock. then drops to a lower
value at the planet’s surface. This hehavior indicates
the formation of a magnetic barrier. which we discuss
in more detail below.

The soiution for the 45° simulation does not pos-
sess reflective symmetry about the X axis ii.e.. the axis

4‘"“ /_
_ 7

(b)

Figure 4. (aj Pressure and (b) magnetic field magni-
rde distributions of the solar wind. The magneric field
and the incoming veiocity are aliened along rhe sunward
(XIS,
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(b)

Figure 5. Pressure distributions of the solar wind with
{a) the ecliptic plane and (b) the noon-midnight plane
shown. The IMF is tilted by 45° with respect to the
incoming velocity. The IMF orientation is such that the
shock is quasi-perpendicular in the top half and quasi-
parallel in the bottom half of Figure 3a.

pointed toward the Sun or the ¥ = 0) axis in spherical co-
ordinates), a svmmetry which the parallel and perpen-
dicular solutions possess by definition. For instance. the
part of the shock front where the shock normal is quasi-
perpendicular to the magnetic field stands about 6%
farther out from the planet’s surface than does the part
of the front where the shock normal is quasi-parallel.
This is to be expected: the magnetosonic speed along
the shock normal in the quasi-perpendicular region is
higher than the speed in the quasi-parailel region. Con-
sequently. information in the quasi-perpendicular region
can propagate farther awav from the planet’s surface
before its progress is impeded bv the onrushing solar
wind. This is also consistent with Wu's {1992] MHD
simulations of a plasma with 3=8.

The distributions of the plasma quantities within the
bow shock are also asvmmertric for the 45° case. The
magnetic pressure has a slightly higher buildup in the
(masi-perpendicular region than in the quasi-paraliel
sroion.  [his is consistent with the general expecta-
-ton chat perpendicular shocks have a targer buildup
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(b)

Figure 6. \lagnetic field magnitude distributions of
the solar wind with (a) the ecliptic plane and (b) the
noon-midnight plane shown. The IMF is tilted by 45°
with respect to the incoming velocity. The IMF orienta-
tion is such that the shock is quasi-perpendicular in the

top half and quasi-parallel in the bottom half of Figure
6a.

of magnetic field than parallel shocks. The thermai
pressure and density maxima shift away from the sub-
solar point toward the quasi-parallel side of the shock.
The slightly higher buildup of magnetic pressure in the
quasi-perpendicular region might explain this. since it
would be expected that this pressure would divert some
of the plasma flow into the quasi-parallel region.

In the terminator plane we find average distances
from the planet center to the bow shock of 1.76. 1.92,
and 1.95 Ry. for the parallel. 43°. and perpendicuiar
shocks. respectively. The terminator locations of the
45° and perpendicular shocks are shown in Figure 9.
The locations have been determined by the rise in en-
trropy of the shocked solar wind. Regarding the latter
two shocks. there is an uncertainty in their positions of
the order of 0.1 Ry because. as mentioned above. the
simulated shocks are not true discontinuijties. The par-
allel shock. on the other hand. is almost as well defined
at the terminator as it is at the nose. Russell «t al.
[1988] find that the average terminator distance varies
between 2.1 Ry at solar minimum and 2. 1) Ry atsolar

CABLE AND STEINOLFSON: THREE-DIMENSIONAL \MHD SIMULATIONS

maximum. Ile discrepancyv here is. again. attributahle
to the lack of the Venus ionosphere in our simulations,

We find that the average shock altitude at the termj-
nator increases as the cone angie increases. This agrees
with Zhang et al. [1990]. who find that the altitude
is typicallv 1630 km for cone angles less than 45° ang
1840 km for cone angles greater than 45°. The relative
difference is about 12%. The relative difference betwen -
our perpendicular and parallel altitudes is around 25"
This is not necessarily inconsistent with Zhang er a;.
As they state. if they could have had more data at low
cone angles. their relative difference would have been
much larger. On the other hand. we have compared the
two most extreme cases possible. Comparisons of shock
altitudes corresponding to cone angles of 30° and 60°
would be more appropriate.

We find that the shock boundary in the terminator
plane is asymmetric in a manner qualitatively consistent
with the findings of Russell et al. [1988]. They find that
when the IMF is nearly perpendicular to the solar wind
flow. the distance from the pianer center to rhe shock in
rhe noon-midnight plane is about 10Y ereater than the
distance aiong rhe equatorial plane. (nr perpendicu-

(b)

Figure 7. Pressure distributions of the solar wind with
ra) the eciiptic plane and (b) the noon-midnight plane
<hown. Tle IMF is perpendicular to rhe incoming solar
~rind.
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(b)

Figure 8. \lagnetic field magnitude distributions of
the solar wind with (a) the ecliptic plane and (b) the

noon-midnight plane shown. The IMF is perpendicular
to the incoming solar wind.

lar simulation gives a smalier asvmmetry of about 5.
which is consistent with Tanakae's 11993] recent MHD
simulation resuit. This asvmmetrv can be seen. with
some effort. in Figure 9. It has been suggested bv Rus-
sell et al.. among others. that the asymmetry is caused
by the difference in the polar and equatorial magne-
tosonic speeds. Given our code’s radial resolution at the
terminator shock location (Ar & 0).03). our code should
be abie to differentiate between a 3% and 10% asvmme-
try. In light of our agreement with Tanaka and in view
of our radial resolution. it seems that the magnetosonic
speed accounts for some but not all of the asvmmertry.
The rest of the asymmetry arises from non-MHD pro-
vesses. perhaps pole-equator asvmmetries in ion pickup.
as mentioned by Russeil et al.

The ratios of the terminator shock radii to the sub-
solar or nose radii are given by 1.44. 1.537. and 1.33 for
our three simulations. Zhang et al. [1990) find a tvpical
value of 1.66.

3.4. Magnetic Fields in the Shock

The most striking feature of the behavior of the mag-
netic field is the ciear draping of rhe Held as ir is ad-
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vected around the planet 1as shown in rigure 2 and
discussed abover. The eciiptic plane maegnetic field con-
figuration of the 43° simulation is shown in Figure 10.
The solar wind is flowing in from the top. Regarding
the magnetotail. the magnetic field of one lobe is fairly
uniform in direction and has a magnitude of the or-
der of 10 nT. In the other lobe the magnertic field lines
are strongly curved and the magnetic field strength is
0.1-1.0 nT. The results shown in Figure 10 are very
similar to the average magnetic field distribution found
by Phillips ¢t al. [1986]. (See. particularly. Phillips
et al. [1986. Figure 5d]. Keep in mind that because
of the orientation of our simulation magnetic field. our
results must be reflected across the z-: plane before a
direct comparison can be made with PVO data. This.
of course. entails no change in the physics involved
here.) Two points deserve particular mention in this
regard. First. at low altitudes the field tends to encir-
cle the planet. Second. the separating current sheet is
not aligned with the plasma flow. Rather. it is angied
roward the lobe of weaker magnetic field. Also regard-
ing the current sheet. we find that it is displaced from
rhe center of the tail by about 0.5 Ry-. [feComas ¢t al.
{1986 find a similar displacement 8-12 [7\- downstream.

The magnetic field magnitude from the 45° simula-
tion is shown in Figure 11. The half of the ecliptic

Perpendicular simulation
-------- 45°simuiation

Figure 9. Cross sections of the shock locations in the
terminator plane. The view is from upstream. looking
"downstream. The solid line is the cross section pro-
rluced by the simulation where the IMF was perpendic-
ular to the solar wind velocity. Note the slight asvm-
metry: the distance to the shock is somewhat longer
in the noon-midnight plane than in the ecliptic plane.
The dashed line is from the simulation where the IMF
was tilted at 45° with respect to the velocity: the left
-ide of this cross section is where rhe shock was most
~erpendicuiar.
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Figure 10. Magnetic field in the ecliptic plane. The IMF is tiited by 45°

with respect to the

incoming velocity. The solar wind plasma is flowing in from the top. The vectors in the top right

corner represent magnitudes of 10 nT.

plane in which the shock is quasi-parallel is shown in
Figure 11a, the noon-midnight plane in Figure 11b. and
the half of the ecliptic plane where the shock is quasi-
perpendicular in Figure 1lc. At solar zenith angles sur-
rounding the terminator we find magnetic fleld magni-
rudes similar to those found bv Phillips ¢ al. [1986.
Figures 3a and 4a|. Differences near the planet’s surface
may be caused by the ionopause slowing the flow of the
plasma and magnetic field [McGary, 1993).

Figure 12 shows the values of the sunward B, and
cross-flow B, components of the magnetic field of the
perpendicular simulation “measured” along a circular
orbit of radius 1.4 Ry-. The values of the sunward com-
ponent are very similar in magnitude to those recorded
by PVO at similar aititudes and in similar solar wind
conditions [Lukmann et al.. 1991: Dubinin et al. 1991].

The cross-flow component is another matter. how-
ever. At the current sheet in the near-tail region we
find that the cross-flow component of the magnetic field
is quite small. This is consistent with Tunaka’s [1993]
MHD simulations. However. this is very different from
rhe results of the analysis of PVO data by Luhmann et
al. [1991]. Their measurements show thar the cross-
flow component reaches a sizable maximum (= 10 nT)
at the current sheet. Although this maximum is not
always a clear feature in observarions reported by other
authors. rhe cross-ow magnertic ticld in rhis region is.

in fact. consistently higher than our result [Luhmann et
al.. 1991: Brace et al.. 1987: Dubinin ct al.. 1991]. It
would appear that processes apart from MHD phenom-
ena are at work maintaining the cross-flow field strength
in this region. For instance. this couid be an indication
oI the importance of mass loading in the rail region.

Inspection of Figure 12 will show not onlyv that the
cross-flow component of the magnetic field becomes
small. but also that it actuaily changes sign as well.
This sign change indicates field reversal in the cross-tail
component. This is consistent with magnetic reconnec-
tion. In fact. the field line traces of Figure 13 show
that a region of reconnected magnetic field lies directly
behind the planet. The field lines shown in Figure 13
were traced from 20 starting points lving in the tail re-
gion of the noon-midnight plane about 0.1 Ry above the
ecliptic plane. The reconnected fields are stretched out
into the tail in a roughly conical volume with a height of
about 1 Ry and a base radius of abour (.3 Ry-. It would
not be possible to produce a coherent figure that gave a
representative sample of all the reconnected field lines
in the simulation. However. we have found that recon-
nected field lines cover the surface of the planet. and
rhat they cover the the nightside much more densely
than the dayside.

The lower third of the reconnection region is wirhin
~he altitude of rhe nightside ionospiere. So. if this re-

.
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{a)

Figure 11. Contours of magnetic field magnitude
showing (a) the half of the ecliptic plane where the
shock is quasi-parallel. (b) the noon-midnight plane.
and (c) the half of the ecliptic plane where the shock is
quasi-perpendicular. Labels show magnitude of the lo-
cal magnetic field relative to the magnitude of the IMF.
The IMF maegnitude is 10 nT. The IMF is tiited at 45°
with respect ro rhe incoming How velocity.

zion does indeed exist in the near tail of Venus. it is cer-
rainly located at a higher altitude than we have found
liere and is probably much more complex in its con-
Hguration. Nevertheless. our tinding that reconnection
rakes place over a very limited region of the magnertotail
is consistent with McComas «t al’s {1986] reswit that
8 — 12 Ry downstream the cross-flow tield is reversed
oniv about 3.7 of rhe time. Tle resistivity producing
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0 90 180 270 360
Orbit Angle (deg)
Figure 12. Sunward or X component isolid line)

and cross-flow or ¥ component (dashed line) of mag-
netic field in a circular orbit in the ecliptic plane 0.4
Ry above the Venus surface. The cross-flow compo-
nent becomes slightly negative in the tail region (orbit
anglex 180°). indicating field reversal and magnetic re-
connection. The IMF is perpendicular to the flow ve-
locity.

our reconnection originates in numerical dissipation and
is not a part of our algorithm. We have found recon-
nection only in the perpendicular simulation. If there is
reconnection in the 45° simulation. it is occuring only in

Figure 13. Reconnected field lines in the rail region.
he IMF is perpendicular to rhe incoming flow velocity.
The reconnecrted lines are puiled awayv from the planet

into a roughly conical volume of height 1 1 and base
radius or 0.3 Ity
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Figure 14. Field lines showing spiraling behavior in
rhe tail region. These lines pass rhrough rhe noon-
nudnight piane ar verv low altitudes above the planer
on the nightside. The IMF is perpendicular o rhe in-
coming fow velocity. Some reconnectod ficld lines are
~llown as wejl,

a region smail enoughn to have escaped our derermined
searching.

\We find complex behavior in the magneric field lines
behind the planet in both the 43° and perpendicular
cases. Tlie most sunward (and antisunward) direcred
lines spiral around one another as thev head out from
rhe planet. Some of these field lines from the perpen-
dicular simulation are shown in Figure 14 along wirh

thermai —
pressure

magnetic
pressure —

Relative Value
&
T
|

0 0.2 0.4
Altitude (Rv)
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-ome_reconnected field lines. & <howd be nored thia
~ince our sinuation box extends ro oniv 3 By iiese
lines are not ~anchored™ in the solar wind plasma ony.
side the shock. Theretore extending the ourer boundary
of the simulation mav alter this behavior,

Looking ar rhe nose of the shock. we see rhe formatian
ot a definite magnetic harrier ar rhe subsolar poinr
both the 43° and perpendicular simulations. Figure
shows rhie vaiues of the magnetic and thermal pressu:
relative ro the solar wind rhermal pressure. along ¢
subsolar iine in both simulations. magnetic i...-
rier is formed in the parailel simuiaton. as is consisrent
with MHD magnetic flux conservarion and our bound-
ary conditions. See the discussion of Figure 4. The
rhermal pressure of rhe 43° simulation peaks at abour
.08 R\ above the planet’s surface. reaching a value of
about 4.12 nPa. The magnetic field rises monotonicallv
ro a peak value of only 2.85 nPa. In rhe perpendicular
-imulation rhe pressure peaks ar abour (.1 Ry reaching
a value of abour 3.76 nPa. Ar rhe planet’s surface rije
pressure drops ro about 3.12 nPa. The magnetic Dres-
ire. on rhie other hand. rises monoronicaiiv ro A Vall
1 3.88 nPa ar rhe sirtace. The maenerie DIessUre m
perpendicuiar case makes up a much iarser percenrac
of the toral pressure rhan in the 45° case. Ay indicated
in Table 1. rhe solar wind dvnamic pressure is 4.10 nPa.

Measuring rhe thickness of the magneric barrier is im-
precise not only because onr shocks have Hnite widths.
bue also because rhe definition of the niagnetic barrier
15 somewhat arbitrarv. If we define rhe maeneric bar-
dier location by Zhang ot al’s (1991] ecriterion as rhe

L

point where the magneric pressure is ~qual ro half of

+
thermai —
. pressure

. magneuic
pressure

Relative Value

ib)

0 0.2 0.4
Altitude (Rv)

Figure 15. Thermal and magnetic pressures plorted along the subsolar line tor rhe 1, 43°
simularion and (b) perpendicular simularion, The shaded reaions indicare rhe shock bonndary
avers m cach case. In borh simations. riae soiar wind dvnamie pressure. wnen sciajed 1o te
NDerrurbed thermal pressure, 1ns a visie of 6.7
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rhe upstream avnamic pressure. we et rhicknesses ot
0.05 ana 0.1 Ity . These numbers rransiate into 300 and
600 km. Zhang «t al. [1991] find that the magnetic
barrier has a median aititude of abour 1000 km when
rhe upstream dyvnamic pressure is around 4.6 nPa (our
present «ynamic pressure). Recalling rhe value of 300
km given bv Zhang +t al. [1990] for the typical ivno-
<phere rhickness. rhis gives an observed magnetic bar-
sier thickness of 700 km. If we rry ro account for the
‘onosphere nhere in the same wav as we did when dis-
sussing rhe bow shock location in section 2.2. we find
magneric barrier thicknesses ot 330 and 630 km from the
45° and perpendicular simulations. respectively. These
numbers fall short of Zhang ¢f al.’s [1991] value. How-
ever. it must be remembered rhat the ionosphere is not
a perfect sphere but is a rather oblate obstacle: its ra-
dius of curvature at the subsolar point is significantly
larger than 1 Ry. Could we accounr for the shape of the
ionosphere in a simple manner. the thicknesses of our
simulated magnetic barriers would increase even more.
perhaps acreeing very well with Zhang or al.’s value.

1. Discussion

Our three-dimensional MHD code has successfullv
simulated rhe observed major qualitative features of the
interaction berween Venus and the solar wind. Qur sim-
ulations show a bow shock at slightly lower altitude
rhan observed by PVO. a maenetic barrier beneath the
bow shock. asvmmetry in the rerminator cross section
of the shock. and a two-lobed magnerotail formed by
draping of rhe field lines over the planet’s surface. All
(uantities given by rhe simulations {except the near-
rail magnetic field) are similar in magnitude to those
determined from PVO data. )

We have also shown some limits of single-fluid NIHD
as a model of rhe Venus-solar wind inreraction. \lost
nbviousiv. rhie fack of an tonospiiere changes rhe seale
ntmany of the resnits stuel as rhe bow shock srandoff
istance and the magnetic barrter rhickness. Including
rhe ionosphere “hv hand.” i.c.. adding 300 ki ro the
effective radius of Venus. brings the standoff distances
into the range of observations. However. the magnetic
barrier thickness remains roo small. The 10 asvmme-
rry of the shock in the terminator piane is onlv par-
rially accounted for by single-fluid MHD. Some other
process must be found to explain a inissing 5/7. Fi-
nally. single-Huid MHD does not give correct resuits for
rhe qualitarive hehavior of the cross-How magnetic field
component 11 rhe near-rail reeion, i this recion we
find cross-fow magneric fields which are much smaller
rhan rthose rypieally observed.

Our simularions have produced several results which
~eem to have not been srudied in deprh heretotore. In
rhe asvmmetrie 45%simulation the peak in rhe magnerie
deld haildup 1~ snifted from rie subsolar point roward
rhe gquasi-perpendicular region of rhe shock. In con-
rrast. the peaks in thermal pressure and density are
-hifted roward -hie guasi-parallel reeton. This is ro be
SUDecTed. Sire auasl-berpenalcniar stocks have nigher
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tnildup eranagnetic feid. and such a buildun can be ex-
vected to «divert plasma fdow roward the quasi-parailel
region. In the near-tail region our perpendicular sim-
ulation has established the possibility of magnetic re-
connection. although the magnetic field configuration
in the actual near-rail region of Venus is certain to he
more complex than what we have seen in our simula-
rions. Lastly. in the perpendicular and 453° simulations
we have seen a new class of fleld lines which exhibit
a spiraling behavior as they are traced away trom the
planet’s surface. This spiraling behavior seems to bhe
intermediate in some sense to reconnection on the one
hand and to smooth motion of the field lines aiong with
rhe plasma flow on the other.

In future research we will model the ionopause and
add mass loading terms to the MHD evolution equa-
rions. On the basis of the outcomes of our present sim-
ulations. we have good reason to hope that future re-
sults will show tmproved quantitative agreement with
the PVO data.
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Numerical simulations of mass loading in the solar
wind interaction with Venus

K. Murawski! and R. S. Steinolfson

Depariment of Space Science, Southwest Research Institute, San Antonio, Texas

Abstract. Numerical simulations are performed in the framework of nonlinear two
- dimensional magnetohydrodynamics to investigate the influence of mass loading
on the solar wind interaction with Venus. The principal physical features of the
interaction of the solar wind with the atmosphere of Venus are presented. The
formation of the bow shock, the magnetic barrier, and the magnetotail are some
typical features of the interaction. The deceleration of the solar wind due to the
mass loading near Venus is an additional feature. The effect of the mass loading is
to push the shock farther outward from the planet. The influence of different values

of the magnetic field strength on plasma evolution is considered.

Introduction

Data from the Pioneer Venus Orbiter (PVO), as well
as data from Venera 9 and 10 and other sources, have
contributed to a growing understanding of the inter-
action of the solar wind with an unmagnetized planet
such as Venus. The general picture derived from the
available data is that, for typical solar wind conditions,
an electrically conducting ionosphere deflects the super-
sonic and superalfvénic solar wind around the planet. A
bow shock forms upstream of the ionosphere and serves
to slow and also assists in deflecting the solar wind.
The size of the bow shock depends on the sonic and
alfvénic Mach numbers and on the shape and the size
of the effective obstacle, whereas asymmetries in the
shock shape are determined by the direction of the in-
terplanetary magnetic field (IMF) [Khurana and Kivel-
son, 1994]. Zhang et al. [1990] have proven that at
Venus the effective obstacle undergoes a systematic size
change 0f 0.13 R, (where R, is the radius of Venus) dur-
ing a solar cycle. The boundary separating the shocked
and magnetized solar wind plasma from the thermal
ionosphere plasma is referred to as the ionopause, and
the region between the bow shock and the ionosphere is
referred to as the magnetosheath. The inner portion of
the magnetosheath contains a region of enhanced mag-
netic pressure referred to as the magnetic barner [e.g.,
Luhmann, 1986]. There are physicai processes involved
in these relatively large-scale interaction regions as well
as in the magnetic tail that the present work has appli-
cation to.

! Also at Faculty of Mechanics, Politecnnic of Lublin, Lublin,
Poland.
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Zhang et al. [1991] have used PVO data to show
that the convected field gasdynamic model of Spreiter
et al. [1966] predicts the correct bow shock location
if the magnetic barrier is taken as the obstacle around
which the plasma is deflected. They also found that the
magnetic barrier is strongest and thinnest (about 200
km thick) at the subsolar point and becomes weaker
and thicker at the terminator. The magnetic barrier is
responsible for transferring most of the solar wind dy-
namic pressure to the ionosphere through the enhanced
magnetic pressure.

Observations at Venus have revealed that a magnetic
tail forms as a consequence of the solar wind interac-
tion with the Venusian ionosphere. The portions of IMF
lines passing near the surface of Venus ate slowed due
to the interaction with newly ionized atmospheric neu-
trals. The two ends of the magnetic ropes continue to be
pulled downstream by the solar wind [e.g., Spreiter und
Stahara, 1980]. Slavin et al. [1989] have estimated that
the magnetotail extends to between 50 to 150 R, from
the center of the planet for a typical solar wind flow
with the Alfvén speed Vi = 60 km/s and the Alfvén
Mach number M, = 7.2.

A study by Nagy et al. [1981] showed that Venus
has a dayside neutral exosphere dominated by oxygen
at altitudes above ~ 400 km calculated from the plane-
tary surface. The exospheric oxygen together with other
particles present can be ionized by solar radiation and
charge exchange. Newly ionized particles are electro-
magnetically coupled to the shocked solar plasma of the
magnetosheath. As a consequence, near the ionopause
the plasma becomes mass loaded due to interactions
with ions, particularly O le.g., Luhmann et al., 1991].
Model computations by Gombos: et al.. [1980! using in-
put from PVO ionosheath and neutral atmosphere pro-
files indicate that approximately 10 % by number of the
solar wind protons may undergo charge exchange with
neutrals at ionopause aititudes. As a result of the mass
loading (ML), the plasma is siowed and compressed.
When the plasma then flows around the planet into the
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magnetosheath. momentum conservation requires an in-
crease in flow speed into the magnetotail.

It has been noted by Luhmann [1986] that the above
general behavior tends to prevail providing che thermal
pressure in the upper ionosphere is sufficiently larger
than the solar wind pressure and the pressure balance
occurs where the jonospheric plasma is collisionless. As
the solar wind pressure increases. relative to that of
the ionospheric plasma. the magnetic barrier eventu-
ally breaks down and the height of the dayside iono-

sphere decreaces. When the tonopause is too close
to the planet, the transterminator transport of iono-
spheric plasma ceases, thereby leading to a nightside
phenomenon known as the disappearing of the iono-
sphere [Cravens et al., 1982].

Cloutser et al. (1987) have noted that ML processes
at Venus should be asymmetric since the solar wind
electric field depends on the relative directions of the
flow velocity and the IMF. Phillips ei al. [1987) have
claimed that the flow and field configuration of the mag-
netosheath plasma, together with the large gyroradius
of the pickup ions, cause ML to occur preferentially on
one side of the magnetosheath. More efficient pickup
of newly created ions should occur over the hemisphere
that produces an electric field directed outward, away
from the ionosphere. Luhmann et al. (1991] and Phillips
et al. (1986} have presented observations indicating an
increase in the magnetic field intensity and current over
the hemisphere where the electric field is directed out-
ward. The enhanced solar UV during solar maximum
increases the ionization rate of neutrals, which moves
the bow shock out from the planet both in the equa-
torial plane and at the terminator [Zhang et al., 1990].
Similarly, Alezander and Russell [1985] have shown that
the position of the bow shock at the terminator de-
pends on solar activity. This dependence may be indi-
rect evidence of ML since, when the solar EUV is high,
more mass may be added to the shocked solar wind,
thereby forcing the bow shock to recede from the planet.
Linker et al. (1989) have revealed that ML can increase
or decrease the plasma temperature, depending on the
value of the sonic Mach number Ms. When v = 5/3,
Ms > \/9/5 is required for heating to occur. Numerical
simulations performed show that the effects of ML on
plasma temperature and velocity are most pronounced
in a wake region. However, this theory was developed
for the case of lo's atmosphere, which is described by
MHD equations with the source terms in the mass con-
tinuity, Euler, and energy equations. In the case of Io,
the magnetic field lines are in the north-south direction
and are perpendicular to the horizontal flow.

Recent computer simulations of the three-dimensional
global interaction between the solar wind and unmag-
netized bodies have proven to be extremely useful for
improving our understanding of the associated large-
scale processes [e.g., Wu, 1992 Tanaka, 1993; Cable
and Steinolfson, 1995: Gombosi et al. 1994; McGary
and Pontius, 1994). Venus is of particular interest since
the planet does not have a significant intrinsic mag-
netic field. and the interaction of the solar wind with
the Venusian lonosphere invoives fundamentaily differ-

: SIMULATIONS OF MASS LOADING

ent physical processes than occur at magnetized Earth.
[n addition, a large quantity of relevant observations are
now available for Venus. When interpreted in associa-
tion with the simulated tesuits, this data set provides a
test of the physical processes included in the model.

Single-fluid MHD simulations of the global interac-
tion of the solar wind with Venus without considera-
tion of the ionosphere have been performed by severai
investigators. Wu [1992) limited his study to the day-
side. Tanaka {1993] included the nightside as well but
only considered magnetic field orientations parallel and
perpendicular to the solar wind flow and was in a pa-
rameter regime not directly applicable to average solar -
wind conditions at Venus. Cable and Stewnolfson 11095
carried out simulations for typical observed solar wind
conditions at Venus and for an IMF orientation near
the Parker spiral. McGary and Pontius [1994] studied
the effects of ML, but they considered only the dayside.
Moreover, they discussed the case of a cylinder with
8/83 = 0 and B along the cylinder axis (z - axis) and
the perpendicular flow, namely, V L B.

Our purpose is to extend the model of McGary anag
Pontius to study the nightside and to discuss various
strengths of the magnetic field. We aiso considered a
more realistic spherical model.

The paper is organized as follows. The physical model
used in the present study is described in the next scc-
tion. Section 3 describes the numerical model which is
used in the present studies. We present and discuss our
detailed results in section 4. The paper concludes with
a short summary.

Physical Model

We solve the following form of the compressible MHD
equations as an initial value problem:

3 . , :
a—f + V- (V) = qoexp [~ (h — o)/ Hao), b
3(pV) L
H . = -V —{ N 2
5 "V PVIVI= -Vp+ ~(VxB)«B. (2)
iB
E—_VX(VXB)» (3)
3 oV p CAG
2 VAl ~—pVv
AR ) A (et

+${Bx(VxB)]}=u. 4

V-B=0. (5
Here p is the plasma density. V is the velocity. B is
the magnetic field. p is the plasma pressure, and gqq is
the production rate at a reference aititude ho. Hqis the

scale height of the hot neutral oxygen popuiation. ana
the ratio of speairic heats is y = 3/3.
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In the present first-oraer approximation. the newiy
created photoions are considered as cold (T = 0) and
motionless (V = 0) particles. A more rigorous approach
would be to add corresponding source terms to the Eu-
ler (2) and energy (4) equations le.g., Gombosi et al.,
1994}, However, it was shown by Biermann et al. 1967
that the major effect is that associated with the mass
continuity equation and that contributions to the mo-
mentum and energy density are small. Therefore in
these preliminary calculations source terms in the mo-
mentum and energy equations are neglected. The ML
term is given by the right-hand side of the mass continu-
ity equation (1). Oxygen photoionization is considered
to be the only mass source with an altitude distribution
described by the exponential function. This production
rate is based on PVO observations for solar maximum,
where the hot neutral oxygen atmosphere had a scale
height Hy = 400 km in the subsolar region and a refer-
ence production rate of go = 3x 105 cm =35~ at altitude
ho = 400 km {Belotserkovskui et al., 1987]. As numerical
simulations. which were made for various mass addition
rates. revealed that the boundary layer develops when
oxygen ion production rate is go = 3 x 10%® cm~3s~1
(McGary, 1993; McGary and Pontius, 1994), we carried
on our simulations for this value of do-

Numerical Model

These numerical calculations were performed with
HEMIS3D, a three - dimensional ideal MHD code. The
code utilizes the modified Lax- Wendroff scheme devel-
oped by Rubin and Burstein {1967, which yields stable
solutions by adding numerical diffusion to the scheme.
The dissipative terms (kept as small as possible) are
included to help damp out short-wavelength ripples
generated by numerical dispersion and numerically in-
duced reflections from the simulation boundaries, while
leaving the longer-wavelength phenomena minimaily af-
fected. The equations are soived in ail three spatial di-
mensions of a spherical (r, 6, ¢) coordinate system in
which the 6 = 0 axis is directed toward the Sun or into
the solar wind flow. The generally small deviations of
the solar wind flow from the radial direction (with re-
spect to the Sun) are neglected so the solar wind flow
impacting the Venusian ionosphere can be assumed par-
allel to the Sun-Venus line (§ = 0). The spherical co-
ordinate system is centered on the planet so r = R,
represents the planetary surface.

Although a grid defined in spherical coordinates in-
troduces some computational compiexity, it has a num-

ber of advantages for studying flow past planetary ob-
stacles such as Venus. One obvious advantage is that
the boundary at the planetary surface occurs at a fixed
value of the radial coordinate. which avoids the compli-
cations of interpolating in a Cartesian coordinate sys-
tem. Another distinct advantage is that as the center
of Venus 1s located at the center of the spherical coor-
iinate system. nigh resolution near Venus is obtained
without the expense of high resoiution everywhere in
the simuiation. [he coae i1s constructed in such a man-

ner that it can be applied to a singie r. » plane wnen
the phenomenon being studied is cylindrically symmet-
ric about the poles at # = 0 and 8 = 180°, as is the case
when the magnetic field is parallel to the solar wind
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flow. In this case, the simuiation code uses a 73 x 74 grid
(r, 8 grid dimensions), which corresponds to Af = 2.5,
with a radial extent of the stmulations of 3Ry. The
largest Ar = 0.083Ry. We have checked that the re-
sults for larger extend of the numerical b >undaries were
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very close to those presented in this paper. For the cor-
tesponding discussion, see also Cable and Sternolfson
[1995].

The time step limit for methods using explicit tempo-
tal differencing for advective problems is the weil-known
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Plate 1. Normalized mass densities (
(bottom) simulations for the case of a paralle] (
Here, po, is the density of the solar wind. The
mass density in the overall region, except the t
Poo denotes the solar wind mass density.

CFL condition. At < Al/|V|, where the cell size is Al
and V is the fastest physical speed in the system. The
resulting computer code [Cable and Steinolfson, 1995)
is second-order accurate in space and time.

Defining a spherical boundary for the ptoblem is
easily accomplished. However, solving the equations
of magnetohydrodynamics in spherical coordinates re-
quires some modification of the usual Lax-Wendroff
scheme. In particular, the singular points at 4
0 and 9 = 180° are handled through application of
L’Hospital’s rule to extrapolate vaiues from grid points
next to the singular points. Since the value of each vari-
able at the singular points may vary depending on the
angie o at which the singuiar points are approached. a
flux-weighted average of the values at all angies is used
lor the final updated value. This procedure is described

p/Px) for the MHD non loaded
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(top) and mass loaded
B{|V) magnetic field and the plasma 3 = 0.5.
effect of mass loading (ML) is to increase the

ail region in which the mass density is reduced.

in more detail by Cable and Steinoifson [1995].

We used a simple model for the boundary conditions
that is physically motivated and performs adequately
well. Venus is modeled as a hard, highly electrically
conducting sphere. The inner boundary is taken at the
planetary surface (1 R,) where the radial components of
both the magnetic field and velocity are set to zero. All
other physical variables are computed by extrapolation
of values along a radial line. At the dayside of the outer
radial boundary, all quantities are set to the solar wind
vaiues. The values at the nightside of the outer radiai
boundary are determined by extrapolation along the
local flow direction. Moreover, we have never encoun-

tered transient conditions where the flow was coming
in from the outer radial boundary. A typical compu-
tation begins with the introduction of the desired solar
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Plate 2. Normalized plasma flows (V/ax) for the MHD non loaded (top) and mass loaded
(bottom) simulations for the case of a parallel (B||V) magnetic field and the plasma 3 = 0.5.
Hete, ao is the sound speed of the solar wind. The effect of ML is to decrease the plasma flow.

wind values in the dayside within the numerical box.
The initial IMF is taken from the potential solution for
flow over a sphere so that V- B = 0 in the initial state.
The continued satisfaction of V- B = 0 is assured by
solving a Poisson equation and updating the magnetic
field. The numerical solution then continues until the
interaction achieves an approximate steady state.

The density and pressure are initially constant through-
out the simulation region. The initial velocity field is
the flow of an incompressible fluid over a sphere, di-
rected along the 8 = 0 line:

Vo(r8,0,t=9) = —Vo[l—(ﬁ):’]cos& (6)
r

Ve(r,6,0,t =0) = V{1 + %t&)a} sin 6, !
FA r

Vo(r,8,0.t = 31 = 0. i8)

where Vy is the solar wind speed. The magnetic field

is initialized in a similar way, except that B is skewed
with respect to the solar wind flow by the desired angle.
In the present paper, this angle is 0°. This is clearly
not a frequently occurring case {Phillips et al., 1986]
but it is a reasonable first-order approximation which
will serve as a reference for comparison with results for
cone angles of 45° and 90°. These processes wiil be
realisticaily modeled in future calculations.

Resuits and Discussion

We present all numerical results for the oxygen ion
production rate gop = 3 x 10° ecm~%s~! [McGary and
Pontius, 1994] and discuss several values of the plasma
3 = 8npo/BE, namely § =0.1,3=0.5,8 = 10. and a
typical value of 3 = 1.5. The case of 3 = 0.1 (3 = 10)
corresponds to the strong (weak) magnetic field case.
The physical solar wind values used are: electron den-
sity ne = 20 em~3, temperature T = 10° °K. sound
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Plate 3. Normalized plasma pressure (p/(pmal,)) for the MHD non loaded (top) and mass
loaded (bottom) simulations for the case of a parallel (B||V) magnetic field and the plasma
B =0.5. The effect of ML is to decrease the plasma pressure.

speed 55 km/s, flow velocity 370 km/s, sonic Mach num-
ber 6.73, and thermal pressure 6.06 - 10~!° dyn/cm?.
Other physical parameters are chosen the same as in
the work by Cable and Steinoifson {1995).

As a first step to apply the methodology to the prob-
lem of ML in the atmosphere of Venus, we consider an
axisymmetric case with the magnetic field lines parallel
to the solar wind flow. Consequently, B is parallel to
the Sun-Venus line and the entire solution is rotation-
ally symmetric around this line, /8¢ = 0. We used
the numerical technique described in the previous sec-
tion to obtain a solution of the set of (1)-(5). The flow
is from left to right and all physical quantities are either
symmetric or antisymmetric about the lower boundary.

As shown in Plate 1, the mass density is increased in
the case of mass loaded (ML) solutions. This finding
Is consistent with a simple analysis of mass continu-
ity equation (1) and with previously published resuits

(e.g., Linker et al., 1989; McGary and Pontius, 1994|.
However, a more detailed close-up reveals that in the
tail and terminator regions the mass density is reduced
by the ML effects (Figure 1). Similar reduction is ob-
served in the case of @ = 0.5 along the Sun-Venus line.
at r =~ 1.07 R, (Figure 1a). The density reduction
does not occur at the terminator for 3 = 0.1, while
this effect takes place for 3 = 0.5 and 3 = 10 (Fig-
ure 1b). The density depletion is stronger for a higher
value of 8. Just at the planetary surface, at » < 1.3
R,, the mass density increase is observed (Figure 1b).
[n the magnetotail, the plasma density reduction occurs
at the planetary surface for all values of the plasma J.
Again, the rate of density depletion is proportional to
3. The case of 8 = 0.1 differs from the other cases just
as at the planetary surface p is increased. but farther
on there is a region of mass depletion which is followed
by a region of mass enhancement (Figure lc). To our
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Plate 4. Normalized plasma temperature (T/T) for the MHD non loaded (top) and mass
loaded (bottom) simulations for the case of a parallel (B||V) magnetic field and the plasma
B = 0.5. The effect of ML is to decrease the plasma temperature.

knowledge, this is the first report of mass depletion due
to the ML. The density depletion is a consequence of
the nonlinear term V - (pV), which is smaller due to
the plasma flow reduction by the ML effects. Indeed,
the largest density (velocity) increase (decrease) occurs
in the magentotail at r = 3 R, for 3 = 0.1, The nor-
malized density jumps from PNL =~ 1.25 to pyp ~ 1.5
(Figure lc), while the magnitude of plasma flow is re-
duced from Vi ~ 4.9 to Var ~ 4 (Figure 3c). Con-
sequently, pxp VL = 6.125 > parr Vs = 6. Therefore
the effect associated with this nonlinear term overcomes
the density increasing effect exerted by the exponential
term goexp (—(h — ho)/Ho). The density reduction in
the tail may also be due to the changed shape of the
bow shock. A different bow shock shape may result in
less mass being carried into the tail, regardless of other
factors.

It follows from Euler equation {2) that we can expect

the reduction of a velocity magnitude because conserva-
tion of momentum and energy requires that the plasma
flow is decelerated as a consequence of the mass density
reduction. Plate 2 presents results both for the ML and
no loading (NL) simulations. By examining the two so-
lutions, one can see a fundamental difference between
them. The effect of ML is to decrease the flow. A de-
creasing rate is highest in the tail region where siow
flows in the case of NL are much more reduced by ML.
The decreasing rate is larger for a smailer value of 3 at
the terminator and in the tail region. The plasma starts
decelerating because of ML well ahead of the shock. In
the subsolar region, this rate is largest for 3 = 0.5. A
large flow deceleration occurs also at the terminator.
close to the planetary surface where the plasma flow
drops from Vyp =~ 5.7 to Viary =~ 4.2 (Figure 2b). [n-
spection of Plate 2 reveais the global structure of the
shock and the stagnation region behind it. The fow
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decelerates at the shock as approaching solar wind ab-  consistent with PVO observations »Mlhalov et al., 1982|
sotbs an increasing number of ions. At the planetary and the gasdynamic resuits by McGary (1993).

surface, r = R,, there is no perpendicular flow as a con- From (4) we can derive an equation which governs
sequence of the boundary conditions imposed. Velocity the evoiution of the NL plasma pressure P
shears in the radial direction are present at the bow Sp ‘
shock region both for the ML and NL flows, which is 9t + V- (pV)=(1- v)pV - V. {(9)
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As the plasma flow veiocity V is decreased by the ML
effects we can expect a pressure reduction. The simula-
tion results shown in Plate 3 are qualitatively consistent
with our expectations. However, Plate & -hows that the
plasma pressure is increased near the terminator region,
in the region § < 90°. This increase is caused by a
nonlinear interaction which is described by the V- (pV)
and pV-V terms. Our results differ from the conclusion
made by McGary and Pontius {1994}, who claimed that
the dynamics of the plasma flow are not significantly
affected by ML. A reason for the difference between the
present results and those of McGary and Pontius has
to do with the different models applied; McGary and
Pontius performed gasdynamic (with B = 0) simula-
tions for the cylinder flow, whereas our model concerns
MHD and a plasma sphere.

The above scenario may differ for different values of
3. It occurs in the case of a sufficiently small value of 3
that the magnetic field is so strong that the fast shock
becomes an intermediate one {Steinoifson and Hund-
hausen, 1990). For example. the ML increases the gas
pressure along the whole Sun-Venus line in the case of
Jd=01land 3 =10 (Figure 3a) but reduces it in the
case of 5 = 0.5, 3 = 1, and 3 = 1.5 at the planetary
surface. In the bow shock region, an enhancement of
p due to the ML is observed for all values of 3. The
strongest enhancement seems to occur for 3 = 0.5. At
the terminator (Figure 3b), the gas pressure is increased
by ML. The rate of decrease is highest at the planetary
surface for 4 = 0.1, while at larger distances the influ-
ence of ML on pis negligible. The pressure reduction at
the planetary surface is caused by the right-hand side
term of (9) which becomes small at the surface because
of the flow reduction. The bow shock is closer to the
planetary surface for a higher value of 3, in accordance
with our expectations. At the magnetotail the pressure
is reduced (Figure 3c). The reduction rate is highest at
the planetary surface for the smailest value of 3 and is
a monotonic {unction of 3.

The next point of comparison between the ML and

NL resuits is the temperature distribution around Venus.

As for the ideal gas the plasma temperature T is pro-
portional to p/p so both p and p play a major role in
determining its behavior. We already learned that for
8 = 0.5 p (p) is increased (decreased) by the ML effects
everywhere except in the terminator and tail (nosej re-
gions. Therefore, we may expect the general behavior of
T would be to decrease its magnitude by the ML effects.
Indeed. Plate 4 indicates that the ML significantly cools
the flow relative to the NL case. The cooling occurs as
zero-temperature oxygen ions ate introduced into the
flow and thermalized [ McGary and Pontius. 1994]. The
behavior of T is interesting to discuss in more detail as
a function of the radial direction r at different locations
of §. [n the case of § = i, for = 0.1 and 3 = 10
the temperature is decreased by ML both at the plane-
tary surface and at the sunward side of the bow shock
(Figure 4a), while in the shock the effect of ML is neg-
ligible. The curves which correspond to the ML possess
maxima in the magnetosheath. wnie no maxima exist
for the NL case. A simiiar maximum occurs also in the
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Figure 6. Terminator positions for different values of the piasma
B and for the non loaded and mass loaded simulations. The bow
shock at the terminator is shifter farther away farther awav trom
the surtace of Venus.

case of 3 = 0.5 for the ML curve. Now, however, ML
cools the plasma at the planetary surface but warms it
in the bow shock region. The temperature increase at
the bow shock was observed recently by Gombos: et al.
(1994] in their simulations of the interaction of an ex-
panding cometary atmosphere with the solar wind. At
the terminator, the plasma is warmed by ML (Figure
4b). The warming is more significant at the planetary
surface and is higher for a higher value of 3. The cooling
occurs at the magnetotail (Figure 4c). The cooling rate
is higher at the surface of Venus and for a smaller value
of 8. This is a consequence of the pressure decrease
at the planetary surface (Figure 3c). The mass den-
sity is increased for 8 = 0.1 and decreased for 3 =103
and 8 = 10, but the decreasing rate is smaller than
the pressure decreasing rate (Figure 1c). Consequentlv.
T ~ p/pis much decreased at the surface of Venus. The
cooling rate is much more significant than the warming
effect. The bow shock position is closest to the plane-
tary surface for the smallest presented values of 3. The
bow shock distance from Venus grows with 3.

Plate 5 shows the magnitude of the magnetic field.
In the subsolar region there is no jump in the magnij-
tude of the magnetic field across the bow shock. At the
flanks. however, the magnetic field increases through
the bow shock. The magnetic tail is a region of reduced
magnetic field. It can be seen that the ML exerts some
influence on the magnetic field strength. Small differ-
ences occur at the sunward side of the shock where the
magnetic field is decreased by the ML effects {Figure
5a). This effect is smail for 3 = 0.1 and grows with
3. The decrease in the magnetic field strength nearest
the planet along the stagnation streamiine, is the re-
sult of the boundary conditions (B,(r = Ry, 6,t) = 0j
imposed together with the fact that the parailel shock
does not change a value of the magnetic field across
the shock. s the planet is conducting there can be
no radial magnetic field component at the surface or
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Venus. But near the subsolar line. the solar wind mag-
netic field is purely radial. Consequently, the magnetic
field strength has to drop to zero in this region. This
behavior counter to the common picture of B piling up
in the stagnation region in the case of B 1 V [Cable
and Steinolfson, 1995: Murawski and Stennifson, 1995]
and would only occur for the magnetic field nearly par-
allel to V. At the terminator, the ML enhances the
magnitude of B at the bow shock. Thersfore at the
planetary surface B is reduced. A decreasing rate is
hardly dependent on 3. The largest differences occur in
the magnetotail where the magnetic field is enhanced
by ML. The strongest enhancement occurs for g8 =0.1.
This behavior contradicts our expectations, which fol-
low & simple analysis of (3) wherein as a consequence of
V decrease we expect the magnetic field reduction by
the ML effects. However, V couples noniinearly with
the magnetic field. The coupling occurs through the
term V x (V x B), which determines the overall behav-
ior of the magnetic field rather than the plasma flow V
only.

Inspection of Plates 1-5 reveais that a bow shock is
formed upsiream of Venus. The principal effects are
that the bow shock is displaced farther from Venus in
the case of the ML plasma [Belotserkovskii et al., 1987;
Breus et al., 1989; McGary and Pontius, 1994]. For
precise investigation of the bow shock structure, Fig-
ures 1-5 exhibit the plasma mass density, velocity, gas
pressure, temperature, and magnetic field distribution
along the Sun-Venus (§ = 0°), terminator (8 = 90°),
and € = 180° line. Inspection of these figures reveals
that the pressure at the planetary surface is larger for a
smaller value of 3. The ML effects also shifts the shock
at the terminator farther away from the planetary sur-
face (Figure 6). This shift is largest for intermediate
values of the plasma 3. These resuits show the bow
shock at the terminator is in about the position of the
PVO observations i Tatraliyay et ai.. 1984: Russell et
al.. 1990]. Average subsolar and terminator distances
of the bow shock are about 1.15 R, and 2 R, (from
the center of the planet), respectively. To match the
observed locations (at the nose) of the bow shock, the

MHD model requires that the mass loading be greatly
enhanced.

Russell and Zhang (1992] in their analysis of PVO
data found that during periods when the solar wind
magnetosonic Mach number is near unity and the plasma
beta is low, the bow shock may travel to distances
greater than 10 R, away from the planet. On the ba-
sis of previous work on the formation of MHD shocks
in coronal mass ejections |Steinoifson and Hundhausen,
1990], it was felt that the solar wind conditions had be-
come {during the far bow shock excursions) such that
the usual fast MHD shock is no longer a stable solu-
tion. The lower than normal plasma beta and mag-
netosonic Mach number are in a parameter regime for
which the usual fast-mode bow shock close to the planet
may not provide the necessary compression and deflec-
tion of the solar wind. Using MHD simuiations. it was
snown ' Stewnoifson and Cable, 1293, that. for these con-
ditions. the usuai fast shock is replacea by a bow shock
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at the spatial position very close to the bow shock for the nus
loaded simuiations. The upper (lower) curve corresponds to
10 (B =0.1). Not the stabilizing effect of the stronger magnet:.
field.

configuration containing an intermediate shock near the
Sun-Venus line and a fast shock at large distances from
the Sun-Venus line. The resuiting configuration propa-
gates upstream away from the planet at a low speed and
appears to be approaching a new equilibrium stand-off
location at a large distance from the planet.

Plates 1-5 exhibit waves which propagate along the
bow shock boundaries. We have checked that these
waves are not numerical artifacts as they do not dis-
appear for a finer numerical grid and are persistent in
time (not shown). These waves are generated by the
solar wind impact, which is exerted by the solar wind
on the plasma surrounding the planet. The first impact
shifts the plasma towards the surface of Venus. while
later in time the magnetic field recovers and the plasma
is displaced farther away from the planet. Moreover.
the bow shock first builds closer to the planet and then
its altitudes at the equator (6 = 0°) and at the termi-
nator (§ = 90°) grow in time. As a consequence. the
nose of the bow shock oscillates in time. The Alfvén
and slow oscillations, which are guided by the magnetic
field lines (e.g., Murawski et al., 1995), are fed by the
Kelvin-Helmholtz (KH) instabilities [e.g., Rankin et al..
1993, which are more apparent in the case of a weak
magnetic field case. Figure 7 presents the radial com-
ponent of the plasma flow as a function of time and for
B8 =0.1and @ = 10. This component is calculated at
a spatial position which is very close to the bow shock.
As expected, the stronger magnetic field makes the fiow
less unstable as the amplitude of oscillations is smaller
in the case of # = 0.1 than in the case of 3 = 10. The
KH instabilities criterion [e.g., Rankin et al., 1993]

or w12 (Bl-k)z*‘-(Bg-kF
14 =

ir{p1 + p2)
{10)
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Plate 5. Normalized magnitude of the magnetic field (B/\/uopal,) for the MHD non loaded
(top) and mass loaded (bottom) simulations for the case of a parallel (B||V) magnetic field and
the plasma 3 = 0.5. The effect of ML is to increase the magnitude of B in the terminator region.

is satisfied easier for a less magnetized flow. In this for-
mula indices 1 and 2 correspond to variables on different
sides of the bow shock, while w; denotes the growth rate
of the KH instabilities. It is easy to find out that the
flow is unstable {(w? > 0) for a non-magnetic plasma
(By = By = 0). On the other hand, strong magnetic
fields can make the flow stable (w? < 0). Intermediate
values of the magnetic fields stabilize the flow and in
particular the flow can be marginally stable (W} =0).
These instabilities occur in the region where the flow
has a large gradient such as at the bow shock. Assum-
ing that the wave propagation k is parallel to the flow
V and magnetic field B, it follows from {10) that

-U? , , e o9 \
(P1+Pz)2k-‘2/vj = prpa(Va — Vo P —ipy + po)(BE + BE),

f11)

where now the piasma parameters are normalized by

the units of the solar wind. V, is the Alfvén speed of
the solar wind. At the surface of Venus, V2 = B, =
0. Upstream of the bow shock, the mass density p,
and the plasma flow V; are hardly dependent on the
plasma 3. Therefore we can put p; ~ 0.95 and V; ~ 6.7
in normalized units. For 8 = 0.1 (8 = 10) we have
P2 = 3.9 (p2 ~ 3.7) and B, ~ 0.93 (B, =~ 0.91). Itis
easy to check that the right-hand side of (11) is positive.
indicating that the flow is KH unstable for both 8 = 0.1
and 8 = 10.

Summary

The interaction of the solar wind with Venus is stud-
ied using numerical solutions of the time-dependent
ideal two - dimensional MHD equations. A modified
Lax-Wendroff scheme {Cable and Steinoifson. 1995) is
used to solve the equations in a spherical coordinate
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system. For these computations the detailed chemistry
of the ionosphere is neglected, and the planet is treated
as a conducting sphere. Numerical computations have
been perfomed to study the effect of ML and the IMF
strength on the magnetic barrier and the general con-
figuration of the magnetic tail. The IMF orientation
included in this study is parallel to the solar wind flow
direction.

The main results are the following: The ML increases
the mass density in the overall region, except the termi-
nator and tail where the mass density depletion occurs
as a consequence of the nonlinearity action. The mass
density depletion is larger for a higher 3. As a conse-
gence of this reduction, the plasma flow, pressure, and
temperature are reduced. This scenario depends, how-
ever, on a value of the plasma 3. It was found that for
B = 0.1 both the plasma pressure and the temperature
are increased at the dayside by the ML.
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Abstract. The large-scale (giobal) interaction of the
atmosphere of Venus with the surrounding medium is
numericaily simulated in the framework of 3-dimen-
sional magnetohydrodynamics. The simulations are
performed for the case of the interplanetary magnetic
field perpendicular to the solar wind flow. The model
reproduces several features of the interaction predicted
by earlier theories and observations. The solar wind
interaction with Venus is characterized by the mass
loading of the solar wind with heavy oxygen ions which
are produced by the photoionization of neutrals in the
extensive ionosphere. This mass loading slows down
the solar wind and ultimately leads to the formation of
a magnetic barrier and a magnetotail. The location of
the bow shock is barely affected by different vaiues of
the magnetic field strength.

1. Introduction

The solar wind 1s an almost coilisionless plasma consisting
mainiv of protons and electrons which flow outward from
the Sun. eventually exerting un impact on planets.
Although the solar wind carries with it the interplanetary
magnetic field (IMF), Venus has virtually no intrinsic
magnetic field (e.g. Luhmann. 1986). Direct observations
by the Marmmer. Venera. and Pioncer | enus missions) al
Venus have demonstrated that the planet’s atmosphere
consists of ¢ magnetosheath bounacd by a bow shock on
the outward side and ionopuuse on the lower side. The
bow shock 1s a thin region across which the plasma par-
dmeters change drastically. The bow shock exists because
the solar wind is supersonic and super-Alfvénic and must
become subsonic in order to How around the obstacle.
The wonosphenie plasma which tries w0 exciude the solar
wind plasma with i wssociated IMF ioavery good elec-
trical conductor Hence. the ronospnere forms a nearty
impenetrable obstacic which cun serve 1o divert the solar

Lurresponaence K. Murawski

wind around it. The shocked solar wind slows down -~ i
approaches the planet. and as a conseguence. the magnel..
field strength builds up. resulting in the formauon o .
magnetic barnier located outside the dayside 1onopausc
The 10onopause is usually coincident with the bottom ot
the magnetic barrier. [t is one of the major aims ol spice
plasma physics to measure the plasma properties througi-
out the whole atmosphere and to develop computer mod-
els for its representation. Evaluation of a computer modcl
must depend ultimately on how weli the results muich
observations. but valuable insight can also be gained by
comparison of the results that were obtained by dirterent
numerical techniques and by analvtical estimation o uvii-
able.

Applicauon of magnetohydrodynamics to the solar
wind interaction with Venus was initiated by Spreiter o
al. (1970). At that time the gasdvnamic equations were
solved for the density, velocity. and pressure. wiile tiv
magnetic field was evaiuated in a subsequent step by o -
ing the induction equation using values for the densits
provided by the gasdynamic solution. This approach con-
cerns the scenario in which the magnetc field lines ure
convected with the local flow of the plasma.

Mass loading (ML) effects have been implemented b
Belotserkovskii ez al. (1987), Cloutier er a/. (1987). Phillips
etal. (1987), Stahara er al. (1987), Breus 7 al. (19891, anu
Sauer eral. (1994). A comparison of the results of Stuhara
et al. with those of Belotserkovskii er al. reveais severii
major differences. The results of Belotserkovshii o/ ./
indicate that the ML has a large effect on the location
the bow shock. mowving it to a position shghtly bevony
that observed by PVO, while Stahara er «/. claim that e
location of the bow shock is barely affected by the ML o
the flow.

It has been shown by Murawski and Steinoitson 11993
thatin the case where the IMF is parailel 1o the sotar winu
Hlow. the ML increases the mass density i the overol
region, except the terminator and tail where (e muoss
density depletion occurs because of the nonnncuriis
action. As a consequence ol this reduction the prasi
dow. pressure. and temperature are reduced. This scenurio



) K. Murawskiand R. S. Steinoifson : Numericat modeline ot the sojar wind interactuon with Ven

MEDENAS. owever. on a vaiue of the miisma h
‘ound that ror # =01 both the piasmy pressure and the
temperature are increased at the duayside by the ML,

[t1s the purpose of this paper to test the conclusions of
Stahara ¢r af. and Belotserkovski ¢ «/.. und extend the
analvsis of Murawski and Steinoitson into the case ol the
IMF perpendicuiar 1o the solar wind tlow

The paper iy organized as follows. Mathemuncal and
sumerical models of the dynanies of v enusian plasma
dare shown in Section 2. Numerically obtained results are
presented in a futer section of this puper. The paper closes

with a brief summarwy ol presented resuits and generai
remarks,

2. Simulation model

The interaction between 4 solar wind and the atmosphere
of Venus is assumed to be governed by ideal MHD equa-
tions whaich represent coupling of the fluid dvnamic equa-
tons with Maxwell's equations orelectrodynamics by neg-
weling cieetrostatic force. displacement current. heat
ranster.and dumping effects. We solve the tollowimg rorm
ot the compressible MHD CqUALIONS as un imitial value
probiem :

L vV = v ()

+}[BX(VXB)]}=U (3)
!

.—’=VX(VXB). (4)
R

\

Here p is the gas density, V the velocity. B the divergence
free (V-B = () magnetic field. p the gas pressure. and the
ratio of specific heats is ;' = 53,

We assume that the only important source of ion pickup
1s due to the photoionization of the hot oxvgen corona.
The newiy created ions move so slowly that essentially
their flow does not contribute to momentum und energy
cquatons. Moreover. we consider the case that the ion
production rate is proportional to neutral atmosphere
oxygen density. In the present first-order dpproximation.
the newiv created photolons are considered as cold
(T'=0) and motonless (V = 0) particles. A more rig-
vwrous wav would be 1o add corresponding source terms
(0 Euler 12} and enerey (3) €quations (e.g. Gombosi er
al.. 1994). However. 11 was shown by Biermann e af.
(1967) that the major effect is that assoctated with the mass
continuity equation and contributions 10 the momentum.
magnetic neld. and eneray density are small. Theretore.
' these orelimmary calculations source terms n the
momentum. magnetie rield. and energy cquations are neg-

{1 was”™

iected. The mass loading term Af can inus he represent
45 (McGary and Ponuus. 1994)

M=M, exp—(h—hyj H,] '

where M, is proportional 1o the product ot the numn
density of the neutrai hot oxygen molecuies at the plunet
nose and their mass. divided by the characterisue tme 1
photoiomzation. The magnitude of the mLensity ol o«
pickup ut Venus appears 1o vary significantiv over the
vear solar cycle (Russell et af.. 1990).

The ion production rate is based on Pioneer 1.
observations for solar maximum., where the hot neutr:
oxygen atmosphere had a scale height H, = 300 km
the subsolar region and a reference production ruie ¢
Mo=3x10° em ™’ 57" at altitude hy =400 km (Belo
serkovskii es al., 1987). As numerical simulations mag
for various mass addition rates revealed that the boundur
layer develops when the oxygen ion production rule
Mo =3x10°cm s~ (McGary, 1993 McGary and Por
tius, 1994), we carried on our simulations for this valy
of M,.

The MHD equations are solved numericaily using tn
modified Lax-Wendroff algonithm (Rubin wnd Bursie:;
1967). In our 3-dimensional stmulations the equations
solved in a spherical (r, 6, @) coordinate system in whic,
the 6 = 0 axis is directed toward the Sun and ¢ = 0 cor
responds to the equatorial plane. This coordinate systen
is centered on the planet which is modeled as u hard
highly electricaily conducting sphere. Consequentiv. th
plasma velocity and magnetic field are required 10 b,
parallel to the surface of the planet. and zero-order rudiu
extrapolation is used to determine the other quantitics o
the planet surface. The values at the nightside of the oute:
radial boundary are determined by extrapotation ulon ¢
the local flow direction. To carry out numerical simuy-
lations, solar wind conditions are maintained on the du -
side of the outer radial boundary. The simulation codc
used a 73 x 74 x 41 grid (r. 6. ¢ grid dimensions). Thi.
corresponds to the angular grid spacings. A = 2 3 . ny
Ad = 4.75, with a radial extent of the simulations o1 3R,
The largest radial spacing is Ar = 0.083R... The resulting
computer code (Cable and Steinoifson., 1995) 15 second-
order accurate in space and time.

The denisty and pressure are initaily constant th rough-
out the simulation region. The initial velocity Reld 1y (he
flow of an incompressible fluid over a sphere. directed
along the 8 = 0 line:

RV“‘
Vr(’,U.d>,l=0)= v, —) —1 |cosu ()
r

iRy
V,,[lw-;(—l] sng 7
-\ F

)

Vikr, 8. 0,1 = 0)

Va(r,0.6,1=0) =), (5)

The magnetic field is initialized in similar way . exeept
that B is skewed with respect to the solar wind flow by e
desired angle. The initial IMF is taken from the potentiu
solution for flow aver 4 sphere so that V-B =0 1y 170
aunial state. The conuinued saustaction of VB =« .
wssured by soiving a Poisson equation und updating (n.
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Fig. 1. Overall behuvior of the solar wind-Venus interaction for the case of the perpendicular magnetic
tield. The tnitial locations of the blue luid elements were equaily spaced along a line located well
ahead of the shock front. perpendicular to the solar wind flow. Their posttions are shown in the finure
stume mcrements ol 3s. Note that the fluid elements are slowed as they entered the shock [ront. then

accelerated ugamn when they passed over the planet surface. The magnetc field lines. in yellow. piied
up at the planet surface
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Fig. 2. Reconnected ticid hnes i the tnl reeron in the case of the magneuc field perpendicular to the

~olar wind dow cine NLocase: (b the ML case. Note that as a consequence of the plasma flow
reduction. the reconnectec iines are purled away irom the pianet by the ML effects



~oMurasski ana RS sienoison Numericin modenng of Lie solar wind interaction with Venus

Fig. 3.\ summary of the lield line behaviors in the NL (a) and ML (b) cases. The view 1s from the
tail looking i the nightside of the plunet
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pobpbi SE b

Fig. 5. The pressure distributions of the solar wind : (a) the ecliptic and noon-midnight planes tor the

NL simuiations : (b) the echiptic and noon-midnight planes ror the ML simuiations : (c) the terminator
plane tor the NL und ML simuiauons
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gnene nerds The numericar snulion then conunues
anll e mterucion acnies os il apnrovimate steady state,
\otypical computation begins with the mtroducton off
the desired solar wimd vaiues 1 the dayside within the
numericul box.

3. Numerical resuits

We present ali numerical resuits 1or the oxvgen 1on pro-
ductionrate Mo, = 3x107em  + (McGary and Pontius,
1994) und pertorm computations with i cone angle ot 90
«the perpendicular casey. while the wserage solar wind
cone angle s reported as 4272 (Phillins ¢ w/.. 1986). The
wwimputiations with the cone angic ot 0 (the parallel case)
have been reported previously by Murawski and Ste-
molfson (1995). The physicai solur wind values used are:
clectron density o, = 20 ¢m . emperature 7 = 10° K.
~ound speed 35 km s . flow vetocity 370 km s™ 'L sonic
Mach number 6.73. und thermai pressure 6.06 x 107" dyn
-m - Other povsical parameters are chosen the same as
noCable ana Stemolison i8S

Frgure 1 shows the globul conngurauon of the magnetc
field hnes und fluid elements traces from the final con-
figuration of the numerical simulation. The solar wind
flows in Itom the left-hand side towards the planet. Yellow
lines indicate magnetic field lines which pile up at the
shock tront. and then siip over the planet. forming mag-
netotail. The blue dots represent the instantaneous pos-
iions ol nine tluid elements moving from left to night in
the plate. Successive positions tor each fluid element are
separated from one another by 4 ume increment of 5 s.
The Huid elements that enter the bow shock center are
significantly slowed in their courses. then accelerated
again as they pass over the surtace of the planet. In the
dayside part of the planet. flow velocities become small.
and a stagnauon point 1s formed ahead of the planet. This
~cenario s nardly attected by the ML citects and is similar
tor different vaiues ol the soiur wind magnetc reld
strengti.

Figure 2 shows the reconnected magnetic feld lines in
the magnetotail of Venus. These lines are stretched out
into the tail in a roughly conical volume with a base radius
which depends on the strength of ML. As the ML effects
reduce a4 plasma tlow 1n the taii region. the reconnected
region 15 shifted tarther out Irom the planet surface tor
non-zero ML etfects. The 1onosphere of Venus captures
field lines which drape over the planet to form an ant-
parallel magneuc field connguration in the magnetotail.
Converging fows in the magnetic lobes squeeze the anti-
paratlel magneuc lines to torm a thin plasma sheet.
Eventuaily. magneuc reconnection occurs 1n this region.
The resisuvity producing the reconnection originates in
numericul diffusion wnich inherently buillds up in a
numericai scheme. This scenario resembles reconnection
Jvents in the magnetotati ol comets (Qgino er al.. 1986).
Qur findings of the magneuc reconnection n the tail
regron are consistent with McComus ¢ s (1986) resuit,
that 8-12R, downstream. tae crosstlow neld is reversed
MV LDOUL T ol e Gie, T present results suzgest
S50 That u argner viide of e ML roe s needed to st

“Re reconnection region tarther oul irom the suriace !
Venus.

Figure 3 summarizes the various ficid lines we mave
nbserved in the case of no loading (NL) ana ML simiu-
lutions. The field line passing around the opposite side ot
Venus has flowed downstream with the impacting souar
wind and has become caught on the dayside of the prunct.
The uppermost field line slips over the planet's surtace
and bends into a U-shaped form. with the U-opening
in the downstream direction. Spiraling field lines wiuch
cxhibit reconnection can be seen toward the bottom. Thie
ML atfects mostly the magnetic field lines at the nuu-
netotall (Fig. 3b) where two lines alrcady underwent thc
reconnection, and the third one. in a U-shaped form. 1~
close 10 a reconnection state. A plasma tlow in the cyuu-
torial plane brings the two magnetic feld lines into the € -
shaped form. These lines may undergo reconnection i1 the
How in the ¢ = 07 plane is small enough not to reduce the
curvature of magnetic field lines. As ML decreases. the
flow 1n the tail region of the reconnection occurs rarther
out from the planet surface.

Frgure 4 shows the tnfluence of the ML ctlects un e
radial {or B.) ana tangenual {or B,) components o! ne
magnetic field. These components are measured .aiony
the circuiar orbit of r = 1.4Ry in the equatorial (@ = ¢ |
plane. The values of the radial component are increused
by the ML effects and are very similar 1n magnitude 1o
those recorded by PVO (Luhmann er af.. 1991 : Dubinin
¢t al.. 1991). Although the ML enhances the tangenuai
component of the magnetic field. its value is stll too small
at the current sheet which islocated at # = 180 . Luhmunn
¢t al. (1991) show that this component reaches a vaiue of
~ 10 nT at the current sheet. This disagreement indicates
that the rate of the ML effects is too smail or other pro-
cesses apart from MHD phenomena are at work main-
taining the cross-flow field strength in this region.

Figure 5 exhibits the spatiai distributions of the gus

no load
no load L
Iocag Yoo
load

0 T ) 300
theta (deg)

Fig. 4. Radial or v and ¢ or x components of the magncuc el
ina circutar orbit in the ecliptic plune of » = 1 4R Nate it
the ML erfects increase the magnitude of B in the oserail recion
ot 6. The B, component is increased by the ML ciivcts onore
where except ¢/ ~ Q) (sunward) direction. Note tnat i vng
sumericai simuiations § <8 < 180 0 To draw s 1o

ne ssmmetry  Coundary  oongiuons osere Lonhed
<< 360
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Fig. 6. The plasma (p. T, p) profiles in the case of the perpendicular magnetic field for the NL (broken
lines) and ML (solid lines) simulations. Profiles are made along: (a) the Sun-Venus line; (b) 6 = 90 .
& =90 line; (c) 0 =90°. ¢ =0 line: (d) § = 180° line. The grid points were denoted by stars in the
protile of the ML piasma pressure p (a). The mass density p is denoted here by o

pressure from the perpendicular simulations. As stated
above. the outer computational boundary was 3R.. but
here we show only the region contained within 1.75R. in
order to bring more details. Figure 4a (4b) shows the
cchiptic and noon-midnight planes for the case of NL
(ML) simuiations. Formation ot the bow shock cun be
seen 1n front of Venus. The distance between the shock
and Venus is larger in the case of ML. Thisis in agreement
with observations by PVO. When the solar activity was
near 1ts maximum these observations indicated that the
bow shock receded significantly from the surface of Venus
(e.g. Slavin et al.. 1983). As the ume progressed toward
solar mimimum. the shock approuached the planet’s
surtace. and the process eventually repeated following a
trend simiiar to that of the previous solar cvele (Tatrallyay
et al., 1984).

Note that the pressure maximum occurs downstream
ol the shock. then drops to a lower value at the planet’s
surtace (Fig. 6a). See also Tunaka (1993). and Cable and
Stetnolfson 11995). In the parallel case the pressure
maximum occurs at the planet surfuce 1Cuble and Ste-
molfson. 1995 Murawski and Steinoifson. 1995). The
effect of ML 1y 1o increase tdecreaser the pressure
dpstream tdownstreami of the NL bhow shock. This
Sehavior s indepenaent of the magneuc tieid strength. In

the parallel case a similar gas pressure reduction due to
the ML occurs tor 8 = 0.5, For # = 0.1 and 10. the L
pressure is enhanced by the ML (Murawski and Stei-
nolfson. 1995). Simiiar behavior occurs for the plasmu
temperature which is higher at the subsolar side of the N1
bow shock. Such plasma warming is observed also in the
case of the parallel simulations for § = 0.5. However. the
cases of f = 0.1 and 10 differ from this behavior (Mur-
awski and Steinoifson. 1995). The mass density 1y
increased at the nose region (Fig. 6a), as in the case of the
parallel simulations (Murawski and Steinolfson. 1993)

Figure 5c shows the pressure distribution in the ter-
minator plane (6 = 90°). Again. the pressure 1s increuscd
(together with T and p increase). and the bow shock
distance from the planet’s surface is increased when the
ML is appiied (Fig. 6b). The increase of p occurs matniy
in the magnetosheath. Note also that the bow shock 1y
thicker in the case of ML. There are two small depletions
of p which occur for the ML solutions at both the equil-
tortal and day-night planes (Figs 5 and 6b.c).

It appears with some effort on Figs 5¢ and 6b.c tnal
the bow shock is flattened at the terminutor plane. The
flattening occurs in the equatoriai plane as the shock dis-
tance from the pianet surface is larger in the @ = piane
than in the @ = 90- plane. Althougn this 1s in agreemen:
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with the results by Russell er al. (1990), it is rather unlikely
that the degree of flattening of the Venus bow shock could
be accounted tor in this way 1o match the ooservauons.
These resuits are also 1n agreement with the conclusion
drawn by Russeil s a/. {1988) who showed that the cross
section of the bow shock in the terminator plane was
almost pertectly circular when the IMF was aligned with
the sotar wind flow but departed from circularity by about
10% when the IMF was perpendicular to the solar wind
direction. For the usymmetric case the smaller diameter
was lound to be aligned with the IMF.

In the magnetotail regron the mass density 1y enhanced
at the planet surtace due to the ML. At tarther distances.
the ML reduces w (Fig, ody. This behavior differs tfrom
the paraifel case ror which p 1s reduced ut the pianet and
¢nhanced in the tail. at larger distances. [a the paraliel
vuse p 1y enhanced for § = 0.1 but. depletion regions exist
tor s = Sand 10 (Murawskr and Steinoitson. 1995). The
2us pressure and lemperature inerease due to tne ML ¢Fig. 6d).

The magnete ficld strength rises monotonically to a
pedk dat the planets surtace indicating tne tormauon of a
mugnetc barner (Cuble and Stemnoitson. 1995). A detailed
tnvestigation ol the magnetic field along the Sun-Venus
nne shows that 81s enhanced (reduced) by ML upstream

ownstreamy of the non-toaded bow snock tFig. Tay At
Llernmmator i =y Biasinereased ono e MU effects

-
while in the parailel case. B is ennancea at aistances tarther
(closer) to the pianet's surtace (Murawski ana Stei-
noifson. 1995). The departure ol the bow shock rom thic
planet’s surface as a consequence of the ML appiied 1~
also discernible on the spatial distribution of the muagnetic
field. In the magnetotail. ML enhances B at the piunct
surface (r < 2.5Ry) and reduces 1t at longer distances (Fiu.
7b). Note aiso two minima which correspond to recon-
nection regions. ML shifts the reconnection region Irom
r=2.35Ry to 2.8R..

4, Summary

The interaction of the solar wind with Venus is studied
using numerical solutions of the time-dependent ideal 3-
dimensional MHD equauons. A modified Lax-Wendrott
scheme (Cable and Steinoifson. 1995) is used to solve
the equations in a spherical coordinate system. For these
computations the detatled chemistry of the 1onosphere s
neglected. and the pianet is treated as a conducting sphere
Numerical computations have been performed to studs
the effect of ML, the IMF orientation and strength on the
magnetic barrier, draping of the magnetic field over the
planet, the slippage of the field around Venus. and the
general configuration of the magnetic tail. The IMF orien-
tation included in this study is perpendicular to the solur
wind flow direction. The numericai computations have
been carried on for a long time which allow us to beheve
that we approached a quasi-steady state.

The perpendicular case, although similar in some
aspects, differs in a general behavior to the parailel casc.
In particular, it has been found that the plasma dynamics
is hardly affected by the strength of the magnetc field
which originated from the solar wind. The location of the
bow shock is virtually the same for different values of the
plasma f. The IMF lines pile up against the atmospheric
plasma and drape over the planet to form a magnetolall
with two lobes of opposite magnetic poidarity separated by
a plasma sheet. The parailel magnetic ficld causes tne
plasma dynamics to be highly scnsitive 10 a value of the
plasma g (Murawski and Steinoifson. 1995).

The numerical resuits indicate that the presence o ML
causes the bow shock to move outward from the planct
but not so far as observed at Venus during the period
of maximum solar activity. Some part of the outward
displacement of the bow shock from that indicated tor
flows without ML thus appears to be accounted fur. but
additional considerations are required to achieve a good
Juantitative agreement with the observational duta sct
Whether the main source of these differences arises from
shortcomings in the model itself or in the interpretation
of observational data remains uncertain. and 1s the subrect
of continuing study.

[t should be reculled in this regard that the mass loading
model presented in this work concerns oniv the ons
pickup due to photoiomzation. The neglect ot other 1ons
production processes such as proton-neutral charge ex-
change and impact ionizauon could resuit i under-
zstimatons of the 1on production rate. As a4 conseducnce.
‘he tnctusion of such additional processes would undount-
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calv maicate tne bow snock receues rarther from tne
prinet’s surtace.
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